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Chapter 1 
General Introduction 
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The prevalence of overweight and obesity has increased worldwide to epidemic 
proportions, and severe obesity is a risk factor for many diseases, including type 
2 diabetes, cardiovascular diseases, and hypertension (1). Overweight and 
obesity result from a positive energy balance, with energy intake exceeding 
energy expenditure, leading to the storage of the excessive energy as fat (1). It 
has been shown that physical activity energy expenditure in Europe and North 
America did not decrease between the 1980s and 2005, a period during which 
obesity rates increased (2). This suggests that the recent rise in obesity may not 
result from a lowered physical activity, but rather from an increased energy 
intake. The regulation of energy intake is a complex process involving numerous 
factors such as genetic, physiological, environmental, and cognitive factors (3, 
4). This thesis encompasses the role of hormone and appetite dynamics, in rela-
tion to meal pattern, as well as the concept of reward, and hypothalamus 
pituitary adrenal (HPA) axis activity, in food intake behavior.  
 
Energy homeostasis and reward homeostasis 
Energy homeostasis is reached when energy intake meets energy expenditure. 
On a day-to-day basis food intake is highly variable and correlates poorly with 
energy expenditure (5). On a weekly basis, however, energy homeostasis is 
precise, resulting in a stable body weight in most adults (5).  
The regulation of food intake and energy homeostasis involves !hunger" and 
!satiety" signals, produced in the hypothalamus as well as in peripheral organs, 
(6). !Hunger" signals, such as ghrelin and neuropeptide Y, often drive the initi-
ation of a meal, while !satiety" peptides, like glucagon-like peptide (GLP)-1, and 
peptide tyrosine-tyrosine (PYY), insulin and leptin, cause consumption to cease 
(6).  
The search for physiological biomarkers of appetite is currently very active. 
Relevant potential biomarkers related to appetite, may be the anorexigenic pep-
tides GLP-1 and PYY, the orexigenic gut peptide ghrelin, and glucose and insulin 
(7-9). GLP-1 and PYY are released from the endocrine L cells of the ileum and 
the colon, and appear to reduce appetite (8). Intravenous infusion of GLP-1 and 
PYY demonstrates decreases in energy intake (10, 11). GLP-1 and PYY plasma 
concentrations are low in the fasting state and rise during a meal (12). Ghrelin is 
a peptide secreted primarily by the stomach, and appears to increase appetite, 
as it has been shown that intravenous infusion of ghrelin in humans increases 
food intake (13, 14). Ghrelin plasma concentrations peak before a meal and 
rapidly drop postprandially (8). Ghrelin responses are dependent on caloric in-
take and circulating nutritional signals (15, 16). Glucose has a central role in the 
regulation of energy metabolism, and is the only energy source for the central 
nervous system (7, 17). Circulating glucose concentrations are tightly monitored, 
from the time glucose is ingested to its absorption in the gut and its increase or 
decrease in blood concentration (17). Glucose has been hypothesized to play a 
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role in meal initiation, as feeding is usually preceded by a decrease in blood 
glucose concentrations (18, 19). Glucose triggers insulin secretion by the # cells 
of the pancreatic islets (17). Insulin stimulates the uptake of glucose by 
peripheral tissues and suppresses hepatic glucose production (7). Similar to 
blood glucose, insulin has been hypothesized to be involved in appetite regula-
tion (20, 21).   
Measured feelings of appetite expressed as ratings on visual analogue scales 
(VAS) have shown to be highly reproducible and therefore reliable (22). 
However, a possible association between VAS ratings of appetite and physio-
logical measures remains subject of debate. Several studies (23-25) showed no 
relationship between appetite ratings and the endogenous gastrointestinal hor-
mone concentrations, while other studies (10, 26-28) found significant correla-
tions (p<0.05, R2<0.3). The latter papers suggest a relationship between VAS 
ratings of appetite and hormone concentrations, although correlation coefficients 
are mostly too low to presume that the concentrations of gastrointestinal hor-
mones may serve as a reliable biomarker. Regarding glucose and insulin, the 
meta-analysis by Flint et al. showed that insulin concentrations were inversely 
correlated with feelings of hunger (p<0.02, R2<0.1), while glucose concentrations 
were not correlated with feelings of hunger or satiety (9). Literature has indicated 
that it is not clear whether blood glucose and insulin concentrations can act as a 
biomarker of appetite sensations as the relation is confounded or moderated by 
many metabolic processes (7). 
The regulation of food intake and energy homeostasis involves, besides !hunger" 
and !satiety" signals, factors such as food reward, environmental cues, and cog-
nitive factors, processed in cortico-limbic structures (e.g. prefrontal cortex, 
amygdala, ventral striatum) (29). Both pathways (hypothalamic and cortico-
limbic) interact in the neuro-regulatory control of feeding (29-31). In some situa-
tions, e.g. the abundance of palatable foods, the food reward system may 
overrule and promote excessive food intake and consequently in the long-term a 
positive energy balance (6, 32). Unraveling this food reward system may help us 
understand partly the factors that influence the excessive food intake associated 
with obesity (30, 33, 34).  
According to the incentive salience theory it is hypothesized that the process of 
reward consists of two components, i.e. !liking" and !wanting" (35). !Liking" is the 
hedonic or affective component and refers to the pleasure derived from oro-
sensory stimulation of food (36, 37). !Wanting" is the motivational incentive com-
ponent and refers to craving or the motivation to obtain food (30, 35-38). Often 
!liking" and !wanting" go hand-in-hand: we want what we like and like what we 
want (35). However, humans habitually may select less liked food items, as for 
example restrained eaters do: they cognitively restrict their food intake to loose 
weight or to prevent weight gain (37, 39). Furthermore, in research on drug 
addiction a distinction between the two components of reward was observed: 
some drug addicts are driven to take drugs without liking their effects (40, 41). 
Moreover, !liking" and !wanting" are thought to be controlled by different brain 
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mechanisms according to the incentive salience model (38, 42). Mouse models 
showed that the brain mechanism attributed to !liking" involves the neurotrans-
mission of mu-opioid in the nucleus accumbens, ventral pallidum, parabrachial 
nucleus, and nucleus of the solitary tract (30). The brain mechanism attributed to 
!wanting" involves the neurotransmission of dopamine in the prefrontal cortex, 
amygdala, hypothalamus, and projections from the ventral tegmental area to the 
nucleus accumbens (30). Taking the above into account, it is of importance to 
differentiate between the possible influence of !liking" and !wanting" on food 
intake (43).  
Findings regarding brain reward circuitry in relation to obesity seem somewhat 
inconsistent (44). At present, two hypotheses concerning the involvement of the 
reward system in overeating are considered: the reward sensitivity hypothesis 
and the reward deficiency hypothesis (45-47). It has been shown that food intake 
increases extracellular dopamine concentration in the nucleus acumbens (48). 
According to the reward sensitivity hypothesis individuals with increased reward 
sensitivity are thought to have a more reactive striatal dopamine system (49). 
Consequently those individuals may have a greater capacity for reward and a 
stronger drive to engage in eating behavior (50). According to the reward defi-
ciency hypothesis individuals with low levels of dopamine D2 receptors may 
increase their food consumption to compensate for the reward deficiency (51, 
52). In severely obese individuals it has been shown that their BMI was inversely 
correlated with the dopamine D2 receptor availability in the striatum (51). 
However, it is still not clear whether the brain changes in obese individuals are a 
consequence or a cause of obesity, as alternatively, frequent eating may result 
in chronic extracellular dopaminergic overstimulation leading to downregulation 
of the dopamine D2 receptors (51). 
Davis and Fox proposed an inverted-U relationship between reward sensitivity 
and BMI (46). They indicated a positive relationship between reward sensitivity 
and BMI in normal weight and overweight subjects, and a negative relationship 
in moderately and morbidly obese subjects. On the one hand, low sensitivity to 
reward may induce a depressed appetite because of the low food reward and 
consequently a lower body weight (46). On the other hand, low sensitivity to 
reward may promote food intake to compensate for the dopamine deficiency in 
obese individuals (46). This overeating may result in an additional decrease in 
reward circuitry responsivity, thereby increasing risk for future weight gain (53). 
Individuals with high reward sensitivity may be prone to hedonic overeating, 
which may over time lead to weight gain and possibly a down-regulation of 
dopamine pathways and reward sensitivity (46).  
Neuro-imaging data indicated that obese compared with lean subjects showed 
greater activation in the gustatory cortex (insula/frontal operculum) and oral 
somatosensory regions (parietal operculum and Rolandic operculum) in 
response to anticipation and consumption of food, but showed weaker activation 
in the striatum during consumption of palatable foods and reduced striatal 
dopamine D2 receptor density (44). Moreover, data indicated that BMI correlated 
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with response inhibition: overweight compared with leaner subjects showed 
hypoactivation of frontal inhibitory regions, including superior frontal gyrus, 
middle frontal gyrus, ventrolateral prefrontal cortex, medial prefrontal cortex, and 
orbitofrontal cortex, and greater behavioral impulsivity in response to appetizing 
food-specific go/no-go task (54).  
Taken together, it appears that the homeostasis of reward may be as important 
as energy homeostasis, or may be even more of importance in certain subject 
groups or under certain conditions. 
 
Measuring reward, i.e. !liking" and !wanting" 
Recent human studies have observed and characterized the distinction between 
the two components of reward, i.e. !liking" and !wanting" (37). !Liking" has been 
measured by either subjective ratings on VAS or objective measures of facial 
affective expressions (34, 36, 55). !Wanting" has been measured by for example 
the forced choice methodology whereby food items were presented in pairs and 
responded to according to which food item was most wanted at that moment (33, 
36). An alternative indirect measure for motivation was the assessment of the 
reinforcing value of food using progressive schedules of reinforcement (34, 56). 
The motivation was expressed as the willingness to work for amounts of a food 
of choice or alternate reinforcers such as money or sedentary activities. 
According to this approach the reinforcing value of food is associated with the 
!wanting" of food (3).  
When current methods for measurements of !liking" and !wanting" are applied in 
humans, culture specific motivation and reinforcement may have to be taken into 
account. This is especially of importance since distinguishing !liking" from 
!wanting" seems to be present to a different extent among cultures (57).  
 
Role of meal pattern in relation to hormone and appetite dynamics, and 
reward  
Among environmental and cognitive factors, which play a role in the 
development of obesity, eating out has become an important aspect (58). Out-of-
home consumption, compared with eating at home, often results in a larger food 
intake, which may be due to external factors such as meal duration, the 
availability of palatable high caloric foods, large portion sizes, the atmosphere, 
the presence of other people, or distraction, which lowers the possibility of 
estimating the energy density of the foods resulting in less well adaptation of 
portion sizes (59-62). On the other hand, physiological factors such as the 
dynamics of hunger and satiety and of related hormones during the meal may 
exert their feedback already during the meal and consequently influence food 
and energy intake.   
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In habitual situations, e.g. at home, people consume a standard three- or four-
course meal in about half-an-hour, but when people are having their meal served 
in a restaurant, consumption of the meal takes longer, e.g. two hours with within-
meal pauses of 20-30 min. Meal pattern manipulation might influence the ho-
meostatic control system, involving !hunger" and !satiety" signals, as well as the 
concept of reward.  
Relevant hormones that may sustain these patterns are GLP-1, PYY, and 
ghrelin. Regarding hormone dynamics, several studies have investigated the 
hormonal effects of different meal patterns, and overall they revealed greater 
hormone fluctuations following larger meals (non-staggered meal pattern), than 
after equi-energetic smaller, more frequent meals (staggered meal pattern) (63-
67). Regarding energy intake, a lower ad libitum energy-intake following a 
staggered meal pattern compared with a non-staggered meal pattern has been 
reported, as well as no difference between both meal patterns (68-70). Taking 
the above into account, there are still inconsistencies in the literature concerning 
the effects of meal pattern manipulation. On the one hand eating slowly by 
increasing meal duration can exert more control over food and energy intake 
through physiological feedback signals that appear already during the meal (65, 
66, 68, 69). On the other hand, increased meal duration when eating out can 
exert less control over food and energy intake (58, 62). The question remains 
whether stimulated food intake through the social context of eating out is 
facilitated by a slower appearance of satiation signals, or whether it takes place 
despite greater appetite control by possibly more sustained satiety signals. 
 
Role of hypothalamus pituitary adrenal (HPA) axis activity in relation to 
reward 
The homeostasis of reward may appear more clearly in certain subject groups, 
such as the visceral obese, or under certain circumstances, such as stress (32, 
71-76). Here the activity of the HPA axis in relation to the reward system comes 
into focus (32). The HPA axis is a neuro-endocrine system involved in the stress 
response, by regulating the secretion of its end-product cortisol (77). Chronic 
stress is associated with hyperactivity of the HPA axis and consequently in-
creased cortisol levels, which have been associated with visceral fat accumula-
tion and obesity (78-80). 
Stress may influence food intake in two ways: in some individuals, such as 
individuals scoring high on dietary restraint or disinhibition, it increases food 
intake, while in other"s it decreases food intake (32, 81-83). It appears that 
psychosocial stress is associated with greater weight gain among subjects who 
are overweight or obese, but less among subjects who are normal weight or 
underweight (32, 84, 85).  
It has been shown that acute psychological stress can lead to eating in the 
absence of hunger (83), which can be described as eating beyond energy 
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homeostasis. Evidence for the involvement of the reward system, i.e. !liking" and 
!wanting", in stress-induced eating can be found in both rodent and human 
studies (73-76). Research regarding the endogenous opioid system, possibly 
involved in the process of !liking", showed that administration of corticosterone in 
mice increased the expression of the µ-opioid receptor and that mild stress in 
rats increased food intake by the enhanced release of opioids (86, 87). With 
respect to the dopamine system, possibly involved in the process of !wanting", 
human research has shown mesolimbic dopamine release in response to an 
aversive stressful task (88). Moreover, in healthy normal weight subjects the 
tendency to eat when emotionally stressed was negatively correlated with 
dopamine D2 receptor availability (89). An fMRI study assessing the effects of 
acute stress on food choice and food choice reward related brain activity in 
normal weight women, showed a lower activation in the amygdala, hippocampus 
and cingulate cortex and an increased energy intake in the stress condition 
compared with the control condition postprandially (72). It seems that stress 
decreases the sensitivity of the reward system to food cues, which was reflected 
in a decreased activation of food reward associated brain areas, leading to an 
increased energy intake (72). Taking the above into account, it is likely that there 
is a relationship, though still complex, between HPA axis activity, reward and 
eating behavior.  
 
The food choice in stress is often shifted towards sweet and fat foods, possibly 
because they are perceived as highly rewarding (83, 90-92). Consumption of 
those !comfort foods" may be a way to cope with stress (93). However the risk is 
that chronic stress combined with a high-fat, high-carbohydrate diet may lead to 
abdominal obesity (93). Moreover, several endocrinological human and rodent 
studies showed that some of these preferred or highly rewarding foods, namely 
carbohydrates, may not reduce but even increase HPA-axis activity (94-96). 
They indicated that the cortisol response to consumption of carbohydrates was 
higher than the cortisol response to consumption of fats and/or proteins. Other 
studies, in contrast, showed increased cortisol levels induced by a protein-rich 
meal (97, 98), or neither a macronutrient-related difference in cortisol levels, nor 
a cortisol response to meal consumption (99, 100).  
Consumption of foods, and more specifically foods with a certain macronutrient 
content, may influence, besides the HPA axis, the stress-induced psychological 
mood response (101). Increases in negative mood in response to stressors can 
lead to greater food intake (83, 102). Consumption of foods that improve the 
stress-induced mood state may prevent further intake of energy-dense foods. It 
has been shown that carbohydrate-rich, protein-poor foods improve mood and 
stress coping following acute stress-inducing tasks, only in stress-vulnerable 
subjects, possibly due to increased levels of brain tryptophan and serotonin 
(103, 104). Furthermore it has been shown that intake of tryptophan-rich 
hydrolyzed protein increased positive mood and dampened the cortisol response 
to acute stress (105). In our everyday life where stress is a pervasive factor, the 
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development of functional foods, able to regulate the stress response, would be 
helpful to improve or maintain quality of life (106). However, taking the above 
into account, it is clear that the effects of macronutrients on the response of the 
HPA axis and on the psychological mood response are still controversial, and 
more research is needed. 
 
Outline of the thesis 
The research presented in this thesis deals with !food intake meeting energy and 
reward homeostasis". 
The search for physiological biomarkers of appetite is currently very active. 
However, previous studies (10, 11, 23-27) have based their correlation analyses 
of VAS ratings for appetite and gut hormone and glucose concentrations upon 
the calculated area under the curve or on the measured values per time point, 
not taking into account the factor time. For validation of VAS ratings with gut 
hormone and glucose concentrations we used a statistical approach including 
the factor time by concentrating on the within-subject relations of these observa-
tions. Moreover, we investigated whether changes in VAS scores are syn-
chronized with, or lag behind or in front of changes in gut hormone and glucose 
concentrations (Chapter 2).  
Regarding the concept of reward, we needed a valid tool to measure the re-
warding value of food, i.e. !liking" and !wanting", in a Dutch study population and 
applicable in different study designs. Chapter 3 describes the validation of the 
computer test we developed to measure !liking" and !wanting".  In addition, we 
assessed how the rewarding value of a consumed food item possibly affects the 
rewarding value of any other food item in general. Unraveling such a relationship 
may explain the subject"s subsequent food choice and consumption (Chapter 3). 
Subsequently, the computer test was applied in the assessment of the role of 
dietary restraint in control over !wanting" following consumption of !forbidden" 
food (Chapter 4).  
Chapter 5 describes the role of meal pattern manipulation (staggered vs. non-
staggered meal consumption) on hormone and appetite dynamics, as well as on 
the concept of reward and energy intake. We tested the hypothesis that the hor-
monal release is less pronounced and steadier in the condition of staggered 
meal consumption compared with the condition of non-staggered meal con-
sumption, thereby sustaining the appetite profile and decreasing subsequent 
food !wanting" and energy intake. 
Besides meal pattern manipulation, the activity of the HPA axis (!stress") may 
play a role in excessive energy intake, in relation to the food reward system. We 
hypothesized that visceral overweight subjects, compared with normal weight 
subjects, are more vulnerable to stress-induced eating and consequently the 
development of obesity. In those visceral overweight subjects acute stress may 
diminish food reward, inducing an increased intake of high caloric foods to obtain 
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the same reward. Therefore we assessed in visceral overweight vs. normal 
weight subjects the effects of acute psychological stress on the rewarding value 
of food, in terms of !liking" and !wanting", and on food intake in a fasted as well as 
satiated state (Chapter 6).  
In our everyday life where stress is a pervasive factor, the development of func-
tional foods, able to regulate the physiological and psychological stress 
response, would be helpful to improve or maintain quality of life. There are still 
inconsistencies regarding the possible effects of macronutrients on HPA axis 
activity and on the stress-induced mood response. Therefore we investigated 
whether consumption of comparable iso-energetic meals with different 
macronutrient contents (high-protein vs. high-carbohydrate) affects the physio-
logical cortisol and psychological mood response (Chapter 7). Moreover we 
investigated how consumption of high-protein vs. high-carbohydrate foods influ-
ences the rewarding value of food, i.e. !liking" and !wanting", and food choice and 
food intake, in an acute stressful situation (Chapter 8).  
Finally, the results of the above-described studies are summarized and dis-
cussed in Chapter 9. 
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Abstract 
The search for physiological biomarkers of appetite is currently very active. 
The aim of this study was to compare the dynamics of hunger/fullness ratings 
(visual analogue scales (VAS)) with GLP-1, PYY, ghrelin, glucose, and insulin 
concentrations, using a statistical approach that focuses on within-subject rela-
tions of these observations; and to investigate whether appetite ratings are syn-
chronized with, or lag behind/in front of changes in hormone and glucose con-
centrations. 
Subjects (n=38, age=24±6 y, BMI=25.1±3.1 kg/m2) came to the university twice 
for consumption of a four-course lunch (40 % of the daily energy requirements) 
in 0.5 h, or in 2 h with three within-meal pauses (randomized cross-over design). 
Throughout the test sessions VAS scores and hormone and glucose concentra-
tions were measured. For each subject regression slopes and R2 values for the 
regression of VAS scores on hormone and glucose concentrations were calcu-
lated. Subsequently we tested whether the means of the regression slopes were 
different from zero.  
VAS scores and hormone and glucose concentrations changed synchronously 
(p<0.01; R2=0.3-0.7). Changes in ghrelin concentrations lagged behind (10-30 
min) changes in hunger scores and insulin concentrations (p<0.0001; R2=0.6-
0.7), suggesting a role for insulin as negative regulator of ghrelin. 
In conclusion, this method may be useful for understanding possible differences 
in relations between VAS scores and hormone and glucose concentrations 
between subjects or between conditions. Yet the reported explained variation of 
30-70 % seems too small to use hormone or glucose concentrations as appro-
priate biomarkers for appetite, at least at the individual level and probably at 
group level.  
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Introduction  
The regulation of energy intake and appetite is a complex process involving, 
besides environmental and behavioral factors, physiological factors such as the 
dynamics of gastrointestinal hormones and the possibly related feelings of 
hunger and fullness (1-3). The search for physiological biomarkers of appetite is 
currently very active. Relevant potential biomarkers related to appetite, i.e. 
hunger and fullness, may be the anorexigenic peptides glucagon-like peptide 
(GLP)-1 and peptide tyrosine-tyrosine (PYY), the orexigenic gut peptide ghrelin, 
and glucose and insulin (4, 5). GLP-1 and PYY are released from the endocrine 
L cells of the ileum and the colon, and appear to reduce appetite (4, 6, 7). 
Ghrelin is a peptide secreted primarily by the stomach, and appears to increase 
appetite (8, 9). Glucose is hypothesized to play a role in meal initiation, as 
feeding is usually preceded by a decrease in blood glucose concentrations. (10-
13). Glucose triggers insulin secretion by the # cells of the pancreatic islets (10, 
11). Similar to blood glucose, insulin has been hypothesized to be involved in 
appetite regulation (14, 15).   
Measured feelings of appetite expressed as ratings on visual analogue scales 
(VAS) have shown to be highly reproducible and therefore reliable (16). How-
ever, a possible association between VAS appetite ratings and physiological 
measures remains subject of debate. Several studies showed no relationship 
between appetite ratings and endogenous GLP-1, PYY, and ghrelin concentra-
tions (17-19), while others found significant correlations (p<0.05, R2<0.3) at a 
few time points or for the area under the curve (AUC) (6, 20-22). The latter pa-
pers suggest a relationship between appetite ratings and gastrointestinal hor-
mone concentrations, although correlation coefficients are mostly too low to 
presume that the gastrointestinal hormones may serve as a reliable biomarker. 
Regarding glucose and insulin concentrations, a meta-analysis by Flint et al. 
showed that insulin concentrations were inversely correlated with feelings of 
hunger (p<0.02, R2<0.1), while glucose concentrations were not correlated with 
feelings of hunger or satiety (5). Literature has indicated that it is not clear yet 
whether blood glucose and insulin concentrations can act as biomarkers of 
appetite as the relation is confounded by many metabolic processes (5, 11).  
In the studies cited above (5, 6, 17-22) correlation analyses were based upon 
the calculated AUC or on the measured values per time point, not taking into 
account the factor time. The objective of our study was to compare the dynamics 
of VAS hunger and fullness ratings with GLP-1, PYY, ghrelin, glucose, and 
insulin concentrations, using a statistical approach that includes the factor time 
by concentrating on the within-subject relations of these observations. Moreover, 
we investigated whether the changes in VAS scores are synchronized with, or 
lag behind or in front of the changes in hormone and glucose concentrations. 
The study design comprised consumption of a four-course lunch spread over two 
hours (staggered), and consumption of the same four-course lunch in half-an-
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hour (non-staggered). This design gave us the ability to measure and compare 
postprandial appetite and hormone and glucose dynamics throughout different 
meal patterns and thereby different timings of nutrient delivery to the gut.  
 
Materials and Methods 
Subjects 
Thirty-eight healthy Caucasian subjects (18m/20f; age 24±6 y (mean±SD, range 
18-49 y)) with a body mass index (BMI) of 25.1±3.1 kg/m2 (mean±SD, range 
19.5-30.1 kg/m2) participated in this study. They were recruited by advertise-
ments in local newspapers and on notice boards at the university. Subjects 
underwent an initial screening including measurement of body weight, and 
height, and completion of a questionnaire related to health, use of medication, 
smoking behavior, alcohol consumption, physical activity and eating behavior 
(Dutch translation of the Three Factor Eating Questionnaire) (23). All subjects 
gave written informed consent. The study was approved by the Medical Ethical 
Committee of the Maastricht University, and was in accordance with the Helsinki 
Declaration of 1975 as revised in 1983. 
 
Study design 
The study was conducted in a randomized cross-over design. All subjects came 
to the university twice, on two separate days at least one week apart, in a fasted 
state for either condition: four-course meal consumption in 0.5 h without within-
meal pauses (non-staggered meal condition) vs. four-course meal consumption 
in 2 h with three within-meal pauses of 20-25 min (staggered meal condition). 
The order of the two conditions was randomized across the subjects to prevent 
any order effects.  
In the morning (08:00 h) all subjects consumed a standardized breakfast drink at 
home, and were instructed not to consume any foods or beverages following 
consumption of the drink. Subjects arrived at the university before lunchtime, at 
11:00 h. An intravenous catheter was inserted into the antecubital vein for blood 
sampling, for measurement of plasma GLP-1, PYY, ghrelin, glucose, and insulin 
concentrations.  
Consumption of the four-course lunch started at 12:00 h. During the course of 
the two test days, subjects were seated separately and remained seated, blood 
samples were drawn, and VAS on appetite were completed.   
All women were tested in the follicular phase, as it has been shown that women 
have a higher spontaneous energy intake in the luteal phase compared with the 
follicular phase (24, 25).  
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Test meals 
Table 1 gives an overview of the nutritional information of the foods consumed 
on the test days. Beforehand, during screening, subjects had rated the food 
items for subjective liking (VAS), in order to check whether all food items were 
acceptable. All food items were scored more then 60 mm on a 100 mm VAS.  
In the morning, subjects consumed a standardized breakfast drink at home 
(!Campina Goede morgen ontbijtdrink"). The amount of the breakfast drink 
subjects had to consume corresponded to 10 % of their individual daily energy 
requirements (DER). For each subject the DER were calculated by multiplying 
the basal metabolic rate (BMR) by the appropriate physical activity factor (1.5–
1.8, derived from the screening questionnaire, (26)). The BMR (kcal/day) was 
calculated according to the equation of Harris–Benedict (27).  
The lunch consisted of a four-course meal, i.e. a salad (iceberg lettuce, mozza-
rella, tomato, croutons, and dressing) with a slice of white bread as a starter, 
macaroni Bolognese as the first part of the main course, vegetable lasagna as 
the second part of the main course, and raspberry pudding as a dessert. The 
energy density of the total four-course meal was 5.0 kJ/g and comprised 14 % 
protein, 54 % carbohydrate, and 32 % fat. The amount of the four-course meal 
subjects had to consume corresponded to 40 % of their DER (5.0±0.1 MJ; starter 
8.0 %, first part main course 12.0 %, second part main course 11.6 %, and 
dessert 8.4 % of the DER). 
During the staggered meal condition, the starter and the first part of the main 
course were consumed between 12:00 h and 13:00 h, while the second part of 
the main course and the dessert were consumed between 13:00 h and 14:00 h. 
The amount of energy (20 % of the DER) and the energy density (5.0 kJ/g) of the 
foods consumed between 12:00 h and 13:00 h, and of the foods consumed 
between 13:00 h and 14:00 h, were equal. 
During the non-staggered meal condition subjects had 0.5 h to consume the 
four-course meal. During the staggered meal condition the courses were offered 
at 12:00 h, 12:35 h, 13:10 h, and 13:40 h (time points 0, 35, 70, and 100 min) 
and subjects had 10 min to consume each course. All subjects were instructed to 
consume the entire amount of food presented.  
Each participant was given 14.3 ml/kg water to consume ad libitum throughout 
the test days (28). 
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Table 1. The nutritional information of foods (per 100 g) as consumed on the test days. 
  Energy (kJ) Protein (g) Carbohydrate (g) Fat (g) 
 Breakfast drink  300 70.0 3.0 11.7 
Course 1 Iceberg lettuce 42 0.9 1.2 0.0 
 Mozarella 998 18.0 1.5 18.0 
 Tomato 58 0.9 1.9 0.0 
 Croutons 2370 7.0 49.0 40.0 
 Dressing 950 0.6 9.6 21.0 
 White bread 1144 9.7 51.3 2.9 
Course 2 Macaroni bolognese 396 3.5 15.4 1.9 
Course 3 Vegetable lasagna 501 4.8 12.8 5.5 
Course 4 Raspberry pudding 520 3.2 20.3 2.5 
 
Appetite profile 
One hundred unit VAS (mm) were used to assess the appetite profile. The 
scales were anchored with !not at all" at one end and !extremely" at the other 
end, and combined with questions on feelings of hunger and fullness. 
The VAS were completed five times throughout the test day with the non-
staggered meal condition, at -10, 35, 65, 95, and 125 min, and seven times 
throughout the test day with the staggered meal condition, at -10, 20, 50, 65, 85, 
95, and 110 min.  
 
Blood sampling 
Venous blood samples were collected into EDTA tubes, five times during the test 
day with the non-staggered meal condition, at -5, 30, 60, 90, and 120 min, and 
nine times during the test day with the staggered meal condition, at -5, 15, 30, 
45, 60, 75, 90, 105, and 120 min. Blood samples were drawn to determine con-
centrations of plasma GLP-1, PYY, ghrelin, glucose, and insulin.  
For GLP-1 analysis, blood was collected into EDTA tubes to which dipeptidyl 
peptidase IV inhibitor (10 µl/mL blood) was added. For PYY analysis, blood was 
collected into EDTA tubes in which dipeptidyl peptidase IV inhibitor (10 µL/mL 
blood) and aprotinin (500 KIU/mL blood) was added. After collection, blood 
samples were centrifuged for 10 min at 4 °C at 3000 rpm. For ghrelin analysis, 
phenylmethylsulfonyl fluoride, dissolved in methanol, and hydrochloric acid were 
added to the plasma. Plasma samples were immediately frozen in liquid nitrogen 
and stored at –80 °C until analysis. Plasma concentrations of PYY and active 
ghrelin were measured by RIA (Linco Research Inc, St Charles, MO) and those 
of active GLP-1 by ELISA (EGLP-35K; Linco Research Inc, St Charles, MO). 
Plasma glucose concentrations were analyzed enzymatically by using the 
hexokinase method (ABX Diagnostics, Montpellier, France). Plasma insulin con-
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centrations were measured by means of RIA according to the manufacturer"s 
instructions (Human insulin-specific RIA kit, Millipore, Billerica, 170 Massachu-
setts, USA). 
 
Statistics 
Data were analyzed using StatView 5.0 (SAS Institute Inc., Cary, NC, USA)  
To assess the strength of the within-subject relation between changes in VAS 
scores for hunger and fullness and hormone and glucose concentrations, we 
calculated, separately for each subject, regression slopes and R2 values for the 
regression of VAS scores on hormone and glucose concentrations, for the cor-
responding measuring moments (fullness vs. GLP-1, fullness vs. PYY, hunger 
vs. ghrelin, fullness vs. glucose, fullness vs. insulin). To investigate whether the 
changes in VAS scores were synchronized with, or lag behind or in front of the 
changes in hormone and glucose concentrations, the analysis was repeated with 
the VAS score vs. the hormone and glucose concentration of the previous 
(!times shift -1", !time shift -2") and of the following measuring moments (!time 
shift +1", !time shift +2"). We presented the mean, a 95 % confidence interval for 
the mean and interquartile ranges (Q1-Q3) of the observed slopes and R2 
values. Student"s one-sample t-tests were used to test whether the means of the 
regression slopes were different from zero. All tests were two-sided and differ-
ences were considered significant at p<0.01. Values are expressed as mean ± 
standard error of the mean (SEM), unless stated otherwise. 
 
Results 
We presented the means, confidence intervals for the means, and interquartile 
ranges of the observed slopes and R2 values for the within-subject relations 
between VAS hunger scores and fullness scores and hormone and glucose 
concentrations, synchronized and with time shifts, in the staggered and non-
staggered meal conditions (Table 2-4). The measured p-values (Student"s one-
sample t-test) indicated whether the means of the regression slopes were 
different from zero (Table 2-4).  
 
Fullness scores and GLP-1 concentrations over time 
In the staggered meal condition the synchronized relationship between VAS 
fullness scores and GLP-1 concentrations (Table 2, Figure 1A) became stronger 
when a time shift !+1" (changes in GLP-1 concentrations lagging behind changes 
in VAS fullness scores by approximately 10 min) was applied (Table 3), though 
the regression slopes and R2 values were not significantly different (syn-
chronized vs. !time shift +1"; p>0.2; paired Student"s t-test).  
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In the non-staggered meal condition GLP-1 concentrations changed synchro-
nously with VAS fullness scores (Table 2, Figure 1B). 
 
  
Figure 1. Plasma GLP-1 concentrations and VAS fullness scores (mean±SEM; n=38; synchronized) 
in the staggered (A) and non-staggered (B) meal condition.  
 
Fullness scores and PYY concentrations over time 
In the staggered meal condition the synchronized relationship between VAS 
fullness scores and PYY concentrations (Table 2, Figure 2A) became stronger 
when a time shift !+1" and !+2" (changes in PYY concentrations lagging behind 
changes in VAS fullness scores by approximately 10-25 min) was applied (Table 
3), though the regression slopes and R2 values were not significantly different 
(synchronized vs. !time shift+1" and !time shift +2"; p>0.3; paired Student"s t-test).  
In the non-staggered meal condition PYY concentrations changed synchronously 
with VAS fullness scores (Table 2, Figure 2B). 
 
  
Figure 2. Plasma PYY concentrations and VAS fullness scores (mean±SEM; n=38; synchronized) in 
the staggered (A) and non-staggered (B) meal condition.  
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Hunger scores and ghrelin concentrations over time  
In both the staggered and non-staggered meal condition the relationship be-
tween VAS hunger scores and ghrelin concentrations was the strongest when a 
time shift !+1" was applied (Table 3, Figure 3A-D), indicating that the hormone 
concentrations lag behind the VAS scores by approximately 10-25 min.  
 
 
  
  
Figure 3. Plasma ghrelin concentrations and VAS hunger scores (mean±SEM; n=38) in the 
staggered (synchronized (A) and !time shift +1" (B)) and non-staggered (synchronized (C) and !time 
shift +1" (D)) meal condition.  
 
 
Fullness scores and glucose concentrations over time 
In the staggered meal condition the synchronized relationship between VAS 
fullness scores and glucose concentrations (Table 2, Figure 4A) was the 
strongest when a time shift !-1" (changes in VAS fullness scores lagging behind 
changes in glucose concentrations by approximately 20 min) was applied (Table 
4), though the regression slopes were not significantly different (synchronized vs. 
!time shift -1"; p>0.1; paired Student"s t-test). 
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In the non-staggered meal condition glucose concentrations changed synchro-
nously with VAS fullness scores (Table 2, Figure 4B). 
 
  
Figure 4. Plasma glucose concentrations and VAS fullness scores (mean±SEM; n=38; synchronized) 
in the staggered (A) and non-staggered meal condition (B).  
 
Fullness scores and insulin concentrations over time 
In both the staggered and non-staggered meal condition insulin concentrations 
changed synchronously with VAS fullness scores (Table 2, Figure 5A-B). 
 
  
Figure 5. Plasma insulin concentrations and VAS fullness scores (mean±SEM; n=38; synchronized) 
in the staggered (A) and non-staggered meal condition (B).  
 
Regarding the ghrelin response we showed that meal consumption induced a 
delayed ghrelin suppressive response by 10-25 min. Several studies showed 
that insulin is required for postprandial ghrelin suppression (29-31). Moreover, 
Solomon et al. documented that there is a delay (of approximately 20 min) 
between responses of insulin and ghrelin, insulin leading ghrelin (28). Therefore, 
we analyzed the strength of the within-subject relation between ghrelin and insu-
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lin concentrations, using the same statistics as for the analyses of the strength of 
the within-subject relation between VAS appetite scores and hormone and 
glucose concentrations. The analyses revealed that in both the staggered and 
non-staggered meal condition the synchronized relationship between ghrelin and 
insulin concentrations (Table 2; Figure 6A, 6C) became stronger when a time 
shift !-1" was applied (Table 4; Figure 6B, 6D), indicating that the ghrelin concen-
trations lag behind the insulin concentrations by approximately 15-30 min. 
 
 
  
  
Figure 6. Plasma insulin and ghrelin concentrations (mean±SEM; n=38) in the staggered (syn-
chronized (A) and !time shift -1" (B)) and non-staggered (synchronized (C) and !time shift -1" (D)) meal 
condition.  
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Discussion  
The objective of our study was to compare the dynamics of VAS fullness scores 
and GLP-1, PYY, glucose, and insulin concentrations, and of VAS hunger scores 
and ghrelin concentrations, using a statistical approach that includes the factor 
time. Moreover, we investigated whether the VAS scores are synchronized with, 
or lag behind or in front of the hormone/glucose concentrations. The study de-
sign comprised two different meal patterns (staggered and non-staggered) and 
thereby different timings of nutrient delivery to the gut.  
Analyses of regression slopes and R2 values showed that VAS appetite scores 
and hormone and glucose concentrations changed synchronously, and that the 
mean explained variation was 30-70 %. The question remains whether this ex-
plained variation is sufficient to presume that the hormone and glucose concen-
trations may serve as a reliable biomarker for appetite at the individual level. A 
biomarker is in general a substance that can provide reliable early indicators of a 
biological state (32). For a biomarker of appetite to be useful, it must meet a 
number of criteria: the measurement of the biomarker must be feasible, measur-
able without invasive procedures, and reproducible under similar conditions; 
moreover, the biomarker must clearly relate to appetite physiology and be sensi-
tive to changes in appetite (32). Taking the confidence intervals and interquartile 
ranges into account, we suggest the explained variation of 30-70 % may be 
insufficient. However, the hormone and glucose dynamics, in relation to feelings 
of appetite, may be useful to determine differences between experimental condi-
tions or between different subject groups; yet this still should be executed for 
other experiments as well, to be able to judge whether certain changes in hor-
mone concentrations may explain certain changes in appetite related feelings, 
up to a certain degree.  
Overall it appeared that GLP-1, PYY, glucose, and insulin concentrations 
changed synchronously with VAS fullness scores. In contrast, ghrelin concentra-
tions lagged behind the VAS hunger scores, with a delay of 10 min in the 
staggered meal condition and 25 min in the non-staggered meal condition. Meal 
consumption induced a delayed ghrelin suppressive response by 10-25 min. 
Several studies showed that insulin is required for postprandial ghrelin suppres-
sion (29-31). Moreover, Solomon et al. reported that there is a delay of approxi-
mately 20 min between responses of insulin and ghrelin, insulin leading ghrelin 
(28). Our study confirmed the findings by Solomon et al. (28): ghrelin concentra-
tions lagged behind the insulin concentrations by approximately 15-30 min in the 
staggered meal condition, and 30 min in the non-staggered meal condition. This 
suggests a role for insulin as a negative regulator of ghrelin (33).  
Comparison of the staggered and non-staggered meal condition revealed that 
the changes in appetite profile scores and in hormonal/glucose release were 
more sustained in the staggered vs. non-staggered meal condition. Regarding 
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the measured regression slopes and R2 values there were no major differences 
between the conditions (Table 2-4).  
In conclusion, the explained variation of the development of hunger and fullness 
scores over time by the development of GLP-1, PYY, ghrelin, glucose, and insu-
lin concentrations over time was 30-70 %. We suggest that this figure is too 
small to use the changes in concentrations of GLP-1, PYY, ghrelin, glucose, and 
insulin as biomarkers for feelings of appetite, at the individual as well as at group 
level. However, this approach appears to be a useful tool to characterize the 
processes of hunger and fullness between conditions. Ghrelin concentrations 
lagged behind the VAS hunger scores and the insulin concentrations, suggesting 
a role for insulin as a negative regulator of ghrelin. 
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Chapter 3  
Eating what you like induces a 
stronger decrease of  'wanting' to eat 
 
Lemmens SG, Schoffelen PF, Wouters L, Born JM, Martens MJ, Rutters F, 
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Abstract 
Human eating behavior may be influenced non-homeostatically by the rewarding 
value of foods, i.e. !liking" (pleasure/palatability) and !wanting" (incentive motiva-
tion).  
The objectives of this study were to validate a computer test for assessment of 
rewarding value of food, and to assess how rewarding value of food is affected 
by eating a dessert-specific (chocolate mousse, CM) vs. dessert non-specific, 
neutral food item (cottage cheese, CC).  
Seventy-three subjects (47f/26m, age 27.8±10.0 y, BMI 24.1±3.3 kg/m2), studied 
in a randomized cross-over design, came to the university twice, fasted. A 
computer test was developed to determine rewarding value, i.e. !liking" and 
!wanting", for 72 items divided in six categories (bread, filling, drinks, dessert, 
sweets, stationery). !Liking" was measured by indicating relative preference of 
paired items (within/between categories), !wanting" by working to earn items to 
choose from. Subjects completed the computer test before and after 
consumption of CM/CC, matched for energy content (5.6 kJ/g) and daily energy 
requirements (10 %).  
!Liking" and !wanting" scores of all fasted subjects on the two test-days showed 
62–73 % reproducibility. CM was liked more than CC (p<0.001). Consumption of 
CM decreased !wanting" for bread, filling, drinks and dessert (p<0.03). Con-
sumption of CC decreased !wanting" for bread only (p<0.05). Contrary to CC, CM 
decreased relative !liking" for the dessert category (p<0.001).  
In conclusion, the computer test for measurement of !liking" and !wanting" is 
sufficiently valid. Eating a highly liked food item induces a more distinct decrease 
in !wanting" for food items in general and category-specific !liking", than eating a 
sufficiently liked neutral food item. 
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Introduction 
Human eating behavior is not solely regulated by homeostatic mechanisms but 
also by non-homeostatic mechanisms such as the food reward system. 
Unraveling this reward system may help us understand the factors that influence 
the excessive food intake associated with obesity (1-3).  
According to the incentive salience theory it is hypothesized that the process of 
reward consists of two components, i.e. !liking" and !wanting" (4). !Liking" is the 
hedonic or affective component and refers to the pleasure derived from oro-
sensory stimulation of food (5, 6). !Wanting" is the motivational incentive 
component and refers to appetite or craving or the motivation to obtain food (1, 
4-7). Often !liking" and !wanting" go hand-in-hand: we want what we like and like 
what we want (4). However, humans habitually may select less liked food items, 
as for example restrained eaters do: they cognitively restrict their food intake to 
loose weight or to prevent weight gain (6, 8). Furthermore, in research on drug 
addiction a distinction between the two components of reward was observed: 
some drug addicts are driven to take drugs without liking their effects (9, 10). 
Moreover, !liking" and !wanting" are thought to be controlled by different brain 
mechanisms according to the incentive salience model (7). Mouse models 
showed that the brain mechanism attributed to !liking" involves the 
neurotransmission of mu-opioid in the nucleus accumbens, ventral pallidum, 
parabrachial nucleus, and nucleus of the solitary tract (1). The brain mechanism 
attributed to !wanting" involves the neurotransmission of dopamine in the 
prefrontal cortex, amygdala, hypothalamus, and projections from the ventral 
tegmental area to the nucleus accumbens (1). Taking the above into account, it 
is of importance to differentiate between the possible influence of !liking" and 
!wanting" on food intake (11).  
Recent human studies have observed and characterized the distinction between 
!liking" and !wanting" (6). !Liking" was quantified by either subjective ratings on 
visual analog scales or objective measures of facial affective expressions (3, 5, 
12). !Wanting" was quantified by for example the forced choice methodology 
whereby food items were presented in pairs and responded to according to 
which food item was most wanted at that moment (2, 5). Epstein and colleagues 
developed an alternative indirect measure for motivation by assessing the 
reinforcing value of food using progressive schedules of reinforcement (3, 13). 
The motivation was expressed as the willingness to work for amounts of a food 
of choice or alternate reinforcers such as money or sedentary activities. 
According to the approach of Epstein et al. the reinforcing value of food is 
associated with the !wanting" of food (3).  
When current methods for measurements of !liking" and !wanting" are applied in 
humans, culture specific motivation and reinforcement may have to be taken into 
account. This is especially of importance since distinguishing !liking" from 
!wanting" seems to be present to a different extent among cultures (14). 
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Therefore, a computer-based method for the assessment of reward, in terms of 
!liking" and !wanting", was developed for this study. This method is presently 
applied to a Dutch study population and by using the general principles, a 
broader application will be possible.  
Firstly, the validity, i.e. reproducibility and sensitivity, of the developed computer 
test for assessment of the rewarding value of food was tested. Secondly, it was 
assessed how the rewarding value of a consumed food item possibly affects the 
rewarding value of any other food item in general. Unraveling such a relationship 
may explain the subject"s subsequent food choice and consumption. 
  
Methods 
Subjects 
Seventy-three Caucasian subjects (47 females, 26 males, age 27.8±10.0 y 
(mean±SD, range 18-55 y)) with a BMI of 24.1±3.3 kg/m2 (mean±SD, range 
18.9-30.6 kg/m2) participated in this study. They were recruited by 
advertisements in local newspapers and on notice boards at the university and 
hospital. The subjects underwent an initial screening including measurement of 
body weight and height and completion of a questionnaire related to health, use 
of medication, smoking behavior, alcohol consumption and physical activity. All 
subjects gave written informed consent by the start of the first test day. The 
study was approved by the Medical Ethical Committee of the Maastricht 
University.  
 
Study design 
The study was conducted in a randomized cross-over design. All subjects came 
to the university twice in a fasted state, between 08:00 and 10:00 AM. The test 
sessions differed only in the presentation of the test meal: either chocolate 
mousse or cottage cheese.  
After arrival at the university, subjects were seated in the laboratory and 
remained seated throughout the experiment. The test session started by filling 
out visual analogue scales (VAS) on appetite. Subsequently the researcher gave 
the instructions on the computer test for measurement of !liking" and !wanting". 
While completing the test, subjects received further instructions on the computer 
screen and on a piece of paper. After completing the computer test, subjects had 
to consume the entire test meal. Immediately post-ingestion subjects filled out 
the VAS and completed the computer test again.  
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Appetite profile 
One hundred unit VAS (mm) were used to assess the appetite profile. The 
scales were anchored with !not at all" at one end and !extremely" at the other 
end, and combined with questions on feelings of hunger, thirst, fullness, satiety, 
desire to eat, and on !liking", !wanting", creaminess, and fullness of taste of the 
test meals. Subjects were instructed to make a single vertical mark at the 
appropriate point between the two anchors on each scale to indicate their 
subjective feeling. These VAS were completed in the fasted and satiated state. 
Moreover, at the end of both test sessions, subjects completed VAS on the 
absolute !liking" of all the items used in the computer test.  
 
!Liking" and !wanting" computer test 
A computer test was developed to measure the rewarding value, i.e. !liking" and 
!wanting", for 72 items divided in six categories (bread, filling, drinks, dessert, 
sweets, and stationery (non-food alternative as placebo)), 12 items per category 
(Appendix Table A1). Those five food categories were chosen as they gave the 
subjects the opportunity to compose a full meal according to their wishes. A 
usual Dutch breakfast/lunch meal consists of bread, filling and drinks. Above 
this, dessert and sweets can be added. Stationery served as non-food 
alternative (placebo) in this study. Beforehand, during screening, it was checked 
whether all food items were acceptable for the subjects. The 72 items were 
presented as photographic stimuli on a computer screen (13 in. Mac Book, 
Apple, Cupertino, USA). In a sub-study the pleasantness of taste of all the food 
items while tasting them and the attractiveness of the photographic stimuli were 
measured by means of VAS.  
The computer test contained two parts, a !liking" and a !wanting" part. Both the 
!liking" and !wanting" tasks assessed !liking" respectively !wanting" for the same 
food and stationery items. During the !liking" part, subjects had to indicate their 
relative preference of paired items within and between the six categories (Figure 
1 A, B). Each choice had to be made within four seconds via a mouse click on 
the preferred item, which triggered the next pair of items. First, all possible pairs 
of combinations within each category were presented (N=6x66). The pairs of 
items were presented in random order, while the categories were presented in 
the following order: bread, filling, drinks, dessert, sweets and stationery. This 
resulted in a relative ranking of !liking" of the items per category. Next, the items 
from the different categories with the corresponding ranking of !liking" were 
presented in pairs, in random order (N=12x15). This resulted in a relative ranking 
of !liking" of the categories. 
During the !wanting" part, subjects had to work to earn items by playing memory 
games (Figure 1 C, D). For each category of items subjects played a five by five 
memory game (12 pairs of items). Per memory game the shuffled pairs of items 
were first presented for 10 seconds, giving the subjects the opportunity to locate 
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and remember the pairs of matching items. Next the items were turned over and 
the subjects could start finding the matching pairs by clicking on them using the 
computer mouse. Matched pairs remained on the screen, while non-matched 
pairs were turned over again. Subjects had two min to solve the memory game. 
Each memory game was followed by the indication of the items subjects wanted 
to acquire at that moment. The more pairs of items were found in the memory 
game, the more randomly selected items were offered to choose from 
afterwards, e.g. if eight pairs of items would be found in the memory game of the 
sweets category, then eight randomly selected sweets would be offered to 
choose from. Subjects could choose zero, one or two items per category. They 
were instructed to choose the items while keeping in mind that all the chosen 
items would be offered to them and had to be eaten completely. To proceed to 
the next category subjects had to find at least two pairs of items per memory 
game. The categories were presented in the following order: bread, filling, drinks, 
dessert, sweets and stationery. From the drinks category onwards, subjects 
could press a stop-button to stop the !wanting" part of the computer test, 
indicating that they would not want to work for and earn any other items. The 
chosen items obtained a score equal to the number of pairs of items found in the 
memory game, representing the motivation or workload for the chosen items 
(score range 2-12). Items not chosen obtained a score of zero. Per category the 
sum of the scores of the items was calculated and represented the !wanting" 
score for each category. A minimum score of zero and a maximum score of 24 
was obtained per category.  
 
During screening, subjects were asked whether they were able to play a memory 
game. All subjects confirmed their ability, there were no drop-outs. Moreover 
subjects were asked during screening to indicate whether they preferred to 
choose food items from a larger variety, which they would receive as a fixed 
amount, or whether they preferred to choose the amount of food from a fixed 
menu. In both cases subjects were asked to assume that the items offered would 
be acceptable. Most subjects (76 %) preferred food variety to choose from 
instead of amount of food. Therefore we decided upon primarily magnitude of 
food variety per category as reinforcer and secondarily meal size represented by 
the amount of categories worked for. 
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Figure 1. Quantification of !liking" by indication of the relative preference of paired items, within (A) 
and between categories (B). Quantification of !wanting" by working (playing memory games (C)) to 
earn items to choose from (D). 
 
Software for this computer test was developed using Labview (National 
Instruments, Austin, USA) excluding express routines, compiled for 13 in. Mac 
Book and configured to run in Kiosk mode for full control of screen and subject 
interaction. The software incorporated configurable events and timing tables, 
allowing the researcher to optimize sequences of events, amount of graphical 
information and allotted time for choices and instructions. The software logged 
all events, score and time as well as all user interaction. These data were 
collected in Excel data sheets. The program used three functions, i.e. a !liking", 
memory game and !wanting" part.  These functions where used for each food 
group in programmed sequence. 
Tables generated for !liking", i.e. 66 selections for 12 items in a category, were 
evenly randomized in sequence as well as for left-right position on screen. Each 
item could achieve an initial score of 0-11, i.e. the count of times the item was 
preferred over other items in the group.  The final score of each item, if the 
selection was true, was defined as the sum of the initial scores of non-preferred 
item, times 10 and offset by five, i.e. final score = sum (if selection true (initial 
score of non-preferred item x 10 +5) else 0). The range of the score was 
between 0 and 605 per item in each category and incorporated weight of 
preference. The final score was then used to re-rank items in 12 positions for 
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cross category comparison with equal ranking items from the six categories 
(score range per item 0-125).  
Graphical information in the five by five item display of the memory game was 
also evenly randomized and included a re-seeding routine for preventing side by 
side or diagonal combinations. The software standard forced a blank image in 
the middle position as the selected board size was an uneven number. 
Information gathered for the memory game included counts of pairs found with 
and without prior viewing as well as other details regarding timing, position and 
counts of unsuccessful pairs. 
 
Test meal 
The test meal consisted of either chocolate mousse or cottage cheese (both 0.6 
MJ per 100 g; energy % protein/carbohydrate/fat: 21/29/50) and a glass of water 
(250 mL). The amount of chocolate mousse or cottage cheese given to the 
subjects corresponded to 10 % of their daily energy requirements. For each 
subject the daily energy requirements (DER) were calculated by multiplying the 
basal metabolic rate (BMR) by the appropriate physical activity factor (1.5-1.8, 
derived from the screening questionnaire, (15)). The BMR (kCal/day) was 
calculated according to the equation of Harris-Benedict (16). The order of 
presentation of the test meal was randomized across the subjects to prevent any 
order effects. On average subjects received 1.2 MJ of chocolate mousse or 
cottage cheese. The chosen meal size of 10 % of DER was based on a study by 
Diepvens et al. showing that a breakfast of 1 MJ, or 10 % of subject specific 
DER, with a similar macronutrient composition (energy % protein/carbohydrate/ 
fat: 25/33/42) induced significant changes in hunger and satiety (17).  
Chocolate mousse, a dessert-specific food item and cottage cheese, a dessert 
non-specific, neutral food item, were both part of the dessert category. These 
two items were chosen as test meal, as it was expected that they would differ in 
rewarding value, chocolate mousse being more rewarding than cottage cheese. 
As appeared during screening, chocolate mousse was mostly described as a 
delicious food item and cottage cheese as a healthy food item. Consequently 
consumption of the items was expected to exert different effects on the 
rewarding value, in terms of !liking" and !wanting", of the consumed food item 
itself, the dessert category and possible other categories.  
 
Validity 
The validity of the computer test was determined by assessing reproducibility 
and sensitivity. To measure the reproducibility of the !liking" and !wanting" part of 
the computer test and of the absolute !liking" of all the used items determined by 
VAS, the percentage reproducibility was calculated, based on two repeated 
measures from each individual. For the !liking" and !wanting" part of the computer 
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test the measures in the fasted state of test day 1 and test day 2 were 
compared. The percentage reproducibility was calculated as the proportion of 
concordance between the repeated measurements, expressed as percent. A 
reproducibility of 60 % was accepted as sufficient. The sensitivity of the com-
puter test was evaluated by the ability of the test to detect differences in 
rewarding value of the used items between pre- to post-consumption of choco-
late mousse and cottage cheese.  
 
Statistics 
Data were analysed using StatView 5.0 (SAS Institute Inc., Cary, NC, USA). 
Differences between pre- to post-meal were determined using paired Student"s t-
tests. Differences over time and between conditions (chocolate mousse and 
cottage cheese) were determined using two-factor analysis of variance (ANOVA) 
with repeated measures. The Wilcoxon signed-rank test was used to detect 
differences in the ranking of !liking" of items within each category between pre- to 
post-meal. To analyze which independent variables (hunger, thirst, fullness, 
satiety, desire to eat, !liking", creaminess, fullness) predicted the dependent 
variables !wanting" for chocolate mousse and !wanting" for cottage cheese, 
simple linear regression models were used. To compare the mean absolute and 
relative !liking" scores of the food items of all subjects, measured by VAS and the 
!liking" part of the computer test, respectively, a simple linear regression model 
was used. Both measuring scales were normalized to 100 % first.  
All tests were two-sided and differences were considered significant at p<0.05. 
Values are expressed as mean ± standard error of the mean (SEM). 
 
Results 
Reproducibility 
Based on the computer test measurements for all subjects in a fasted state on 
test day 1 and test day 2, the mean percentage of reproducibility of all subjects 
was 62.3±0.6 % for the !liking" part and 73.3±2.6 % for the !wanting" part. For the 
absolute !liking" of all the used items determined by VAS, the percentage 
reproducibility was 76.2±1.2 %.  
A positive relationship was observed between mean absolute and relative !liking" 
scores of the items of all subjects, measured by VAS and the !liking" part of the 
computer test, respectively (R2=0.63, p<0.001). Figure 2 depicts a scatter plot of 
the relative !liking" scores as a function of the absolute !liking" scores distributed 
about the line of identity. The scatter plot lies beneath the line of identity, 
suggesting although the scores are highly correlated, the absolute !liking" scores 
are continuously higher than the relative !liking" scores.  
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Figure 2. Scatter plot of the mean relative !liking" scores as a function of the absolute !liking" scores of 
the 72 items, distributed about the line of identity (x=y). The relative !liking" scores of the 72 items were 
obtained by means of the !liking" part of the computer test and the absolute !liking" scores by means of 
visual analogue scales. Each data point of the scatter plot represents an individual item. 
 
Appetite profile 
High ratings for hunger and desire to eat and low ratings for fullness and satiety 
confirmed that subjects were in a fasted state at the start of both test sessions 
(Table 1). Both test meals, chocolate mousse and cottage cheese served with a 
glass of water, induced a decrease in hunger, thirst and desire to eat (p<0.001) 
and an increase in fullness and satiety (p<0.001, Table 1). These results 
confirmed that subjects were in a satiated state when they fulfilled the second 
computer test. 
There was a significant time by condition (pre-/post-meal x chocolate 
mousse/cottage cheese) interaction for hunger (p<0.01), desire to eat (p<0.01), 
fullness (p<0.01), satiety (p<0.001) and !wanting" (p=0.02, Table 1). The 
difference in hunger, desire to eat, fullness and satiety pre- to post- consumption 
was larger in the chocolate mousse condition than in the cottage cheese 
condition (p<0.01). Subjects were less hungry, had a lower desire to eat and 
were more full and satiated after the consumption of chocolate mousse than 
after the consumption of cottage cheese (p<0.001).  
Chocolate mousse was liked more than cottage cheese, before as well as after 
the consumption of both food items (p<0.001, Table 1). The consumption of 
chocolate mousse induced a decrease in !liking" and !wanting" for chocolate 
mousse (p<0.001, Table 1). The consumption of cottage cheese induced a 
decrease in !liking" and !wanting" for cottage cheese (p<0.001, Table 1). The 
difference in !wanting" for chocolate mousse or cottage cheese pre- to post-
consumption was larger in the chocolate mousse condition than in the cottage 
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cheese condition (p<0.01, Table 1). Chocolate mousse was perceived as more 
full of taste than cottage cheese, before and after the consumption of both food 
items (p<0.001, Table 1).  
 
Table 1. Mean (±SEM) visual analogue scale ratings (in mm) for hunger, thirst, desire to eat, fullness, 
satiety, !liking", !wanting", creaminess and fullness of taste, pre- and post-meal (chocolate mousse, 
CM; cottage cheese, CC). 
 CM  CC  
 Pre Post pa  Pre Post pa pb time x 
condition 
Hunger 57.0±2.9 11.4±1.8 <.001  58.6±2.5 23.9±2.4 <.001 .01 
Thirst 60.5±2.5 40.7±3.1 <.001  61.8±2.0 38.8±3.1 <.001 n.s. 
Desire to eat 59.1±2.8 13.3±1.9 <.001  62.4±2.4 28.6±2.8 <.001 <.01 
Fullness 20.0±2.1 80.1±2.0 <.001  19.1±2.2 65.7±2.7 <.001 <.01 
Satiety 20.3±1.9 79.0±2.3 <.001  21.4±2.2 63.3±2.7 <.001 <.001 
!Liking" 67.6±2.9 57.6±3.3 <.001  49.4±2.8 40.4±3.4 <.001 n.s 
!Wanting" 47.6±3.3 9.0±1.8 <.001  42.6±3.0 14.1±2.0 <.001 .02 
Creaminess 70.2±2.7 69.0±3.3 n.s.  65.2±3.0 69.9±2.9 n.s. n.s. 
Fullness of taste 78.1±2.3 75.1±2.8 n.s.  57.3±3.3 56.7±3.9 n.s. n.s. 
n.s.=non-significant; ap-value: differences pre- to post-meal (t-test); bp-value: time by condition 
interaction (pre-/post-meal x chocolate mousse/cottage cheese; ANOVA); 
 
Simple linear regression models showed a positive relationship between pre-
meal !wanting" for chocolate mousse and pre-meal !liking" for chocolate mousse 
(R2=0.5, p<0.001), as well as hunger (R2=0.2, p<0.001), desire to eat (R2=0.2, 
p<0.001), creaminess (R2=0.2, p<0.01) and fullness of taste (R2=0.2, p<0.01). 
There was a negative relationship between pre-meal !wanting" for chocolate 
mousse and pre-meal satiety (R2=0.1, p=0.02).  
In the cottage cheese condition, simple linear regression models showed a 
positive relationship between pre-meal !wanting" for cottage cheese and pre-
meal !liking" for cottage cheese (R2=0.6, p<0.001), as well as hunger (R2=0.1, 
p=0.02), desire to eat (R2=0.1, p<0.01) and fullness of taste (R2=0.3, p<0.001).  
Post-meal !wanting" for chocolate mousse was positively related to post-meal 
!liking" for chocolate mousse (R2=0.07, p=0.03), hunger (R2=0.07, p=0.02), 
desire to eat (R2=0.2, p<0.001) and negatively to post-meal fullness (R2=0.1, 
p<0.01). Post-meal !wanting" for cottage cheese was positively related to post-
meal !liking" for cottage cheese (R2=0.3, p<0.001) and desire to eat (R2=0.1, 
p<0.01).  
Simple linear regression models showed a positive relationship between the 
difference in hunger (R2=0.1, p<0.01) and desire to eat (R2=0.1, p=0.03) pre- to 
post-consumption of chocolate mousse as dependent variables and fullness of 
taste of chocolate mousse pre-meal as independent variable. There was a 
negative relationship between the difference in fullness pre- to post-consumption 
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of chocolate mousse and fullness of taste of chocolate mousse pre-meal 
(R2=0.1, p=0.02). A positive relationship was detected between the difference in 
hunger (R2=0.1, p=0.02) and desire to eat (R2=0.1, p=0.04) from pre- to post-
consumption of chocolate mousse and !liking" of chocolate mousse pre-meal. 
These relationships were not found in the cottage cheese condition.  
 
Computer test sensitivity 
Results of the computer test for relative !liking" between categories are shown in 
Figure 3. Pre- to post-consumption of chocolate mousse, a change in the ranking 
of !liking" of the six categories was observed, thereby decreasing the dessert 
category (p<0.001) and increasing the placebo, i.e. the stationery category 
(p<0.001), and the drinks category (p<0.01). Pre- to post-consumption of cottage 
cheese, a decrease in the ranking of !liking" of filling (p<0.01) and an increase in 
the ranking of !liking" of stationery (p<0.001) and sweets (p<0.01) was observed. 
There was a significant influence of the test meal on !liking" for drinks (p=0.01) 
and dessert (p<0.001) pre- to post-meal. After consumption of chocolate mousse 
compared to consumption of cottage cheese, the stationery (p=0.04) and drinks 
category (p=0.01) had a higher ranking of !liking", while the dessert category had 
a lower ranking of !liking" (p<0.001).  
The ranking of !liking" of the items within each category did not change 
significantly after consumption of chocolate mousse or cottage cheese (p>0.1).  
There was no significant time by condition (pre-/post-meal x chocolate 
mousse/cottage cheese) interaction for mean !wanting" for items from any 
category (p=0.2) and also not for !wanting" for items per category (p$0.06). The 
mean !wanting" for items from any category decreased after consumption of 
chocolate mousse (p<0.01) as well as cottage cheese (p=0.03).  
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Figure 3. Relative !liking" score between categories (mean±SEM) pre- and post-consumption of 
chocolate mousse (CMA, CMB) and cottage cheese (CCA, CCB). *p<0.05 
 
Results of the computer test for !wanting" per category are shown in Figure 4. 
Consumption of chocolate mousse induced a decrease in !wanting" for bread 
(p<0.001), filling (p<0.001), drinks (p=0.02) and dessert (p<0.01). Consumption 
of cottage cheese induced a decrease in !wanting" for bread only (p<0.05). After 
consumption of chocolate mousse !wanting" for bread (p=0.04) and filling 
(p=0.04) was lower than after consumption of cottage cheese. 
 
 
Figure 4. !Wanting" score per category (mean±SEM) pre- and post-consumption of chocolate mousse 
(CMA, CMB) and cottage cheese (CCA, CCB). *p<0.05 
 
Consumption of chocolate mousse decreased the motivation expressed as 
workload executed (number of items found in the memory game) for the bread 
(p=0.04) and filling (p=0.04) category. Consumption of cottage cheese did not 
decrease the motivation for any category. The motivation for the filling category 
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was lower after consumption of chocolate mousse than after consumption of 
cottage cheese (p=0.04). 
The computer test showed a pre- to post-meal decrease in relative !liking" for 
chocolate mousse by 53 %, in relative !liking" for cottage cheese by 17 %, in 
relative !wanting" for chocolate mousse by 64 % and in relative !wanting" for 
cottage cheese by 54 %. Subjective VAS showed a pre- to post-meal decrease 
in !liking" for chocolate mousse by 15 %, in !liking" for cottage cheese by 18 %, in 
!wanting" for chocolate mousse by 81 % and in !wanting" for cottage cheese by 
67 %. Both relative and absolute methods showed to be sensitive in detecting 
pre- to post-meal differences. 
The sub-study showed that the attractiveness of the photographic stimuli used in 
the computer test was positively related to the pleasantness of taste of the food 
items (R2=0.5, p<0.0001, Figure 5). 
 
 
Figure 5. Scatter plot of the mean visual analogue scale (VAS) scores (mm) for pleasantness of taste 
of the food items as a function of the attractiveness of the photographic stimuli of the same food items. 
 
Discussion 
The main objective of this study was to investigate the validity, i.e. reproducibility 
and sensitivity, of the developed computer test for assessment of the rewarding 
value of food in terms of !liking" and !wanting". The !liking" and !wanting" part of 
the computer test showed a reproducibility of 62-73 %, still allowing room for 
variation and sensitivity. The computer test was sensitive to detect differences in 
!liking" and !wanting" for the used categories of items between pre- to post-
consumption of chocolate mousse and cottage cheese. Thus, the validity of this 
test was shown to be sufficient. 
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With respect to the findings using the computer test, consumption of chocolate 
mousse and cottage cheese induced an increase in relative !liking", but not in 
!wanting", for the non-food alternative, i.e. the stationery category. This increase 
in !liking", but not in !wanting", was also detected for the drinks category in the 
chocolate mousse condition and for the sweets category in the cottage cheese 
condition. Consumption of chocolate mousse decreased both !liking" and 
!wanting" for the dessert category. This altogether shows a specific decrease in 
!liking" for the food category the eaten food belongs to, relative to placebo, the 
non-food category. Consumption of chocolate mousse appears to induce a more 
distinct change in !liking" and !wanting" for the different categories than 
consumption of cottage cheese. These findings may be related to some aspects 
of the concept of !sensory specific satiety", which refers to the temporary 
decrease in pleasantness of a consumed food compared with a non-consumed 
food (18, 19). In our study, consumption of chocolate mousse, a dessert-specific 
food item, induced a stronger decrease in !liking" and !wanting" for the whole 
band-width of the dessert category, relative to the other categories, than 
consumption of cottage cheese. 
Previous studies developed and used techniques to assess !liking" and !wanting". 
Epstein et al. measured subjective estimates of !liking" using VAS (3). Objective 
measures of taste reactivity were obtained by behavioral observation of taste 
stimuli (3). The reinforcing value of food, associated with the concept of !wanting" 
food, was determined using the concurrent schedules of reinforcement paradigm 
(3, 13, 20). Subjects completed a computer-generated concurrent schedules 
task to earn points that at the end of the task were exchanged for amounts of a 
preferred snack food or alternate reinforcers such as sedentary activities or 
money. The results showed that the paradigm was sensitive to the effects of 
food as a reinforcer (13). In another study by Epstein et al. on the interaction of 
food reinforcement and dopamine genotypes on eating, retesting 20 subjects 
verified the reliability of the test to measure the reinforcing value of food. A test-
retest correlation of 80 % was detected (21). The measurement of !wanting" in 
our study was comparable to the studies of Epstein et al. in that subjects had to 
work to gain access to reinforcers as food and stationery as non-food alternative. 
The difference is that in our study primarily food variety and secondarily amount 
of food were chosen as reinforcers instead of only amount of food to eat or 
money to earn. The power of a reinforcer may be influenced by culture: in the 
Dutch culture the amount of food is a smaller reinforcer than variety to choose 
from, mainly because in everyday life people in general prefer freedom of choice 
above hoarding (14). This was also reflected in our data: 76 % of our subjects 
preferred food variety instead of amount of food. In the present study subjects 
only received chocolate mousse or cottage cheese, without choice, yet this 
standardization was used for validation. In future studies subjects will have to 
choose from a small to large variety of food items and from the number of 
categories they have worked for, combining food choice and amount of foods. 
The chosen food items will then have to be consumed. The Maastricht Medical 
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Ethical Committee does not allow introducing money as part of an experiment, 
since all subjects should get paid equally for participation in an experiment. 
Finlayson et al. developed a computerized tool to measure !liking" and !wanting" 
(2, 5, 22). Explicit !liking" and !wanting" were measured using VAS combined with 
the questions “How pleasant would it be to experience a mouthful of this food 
now?” and “How much do you want some of this food now?” Implicit !wanting" 
was measured by means of a forced choice paradigm. Stimuli were presented in 
pairs and subjects had to respond to according to which food they would most 
like to eat at that moment. The implicit !wanting" paradigm was improved by 
measuring the reaction time of each choice. This provided a quantifiable 
measure related to the relative !wanting" for that chosen food item. Food was the 
only reinforcer used in this paradigm; there were no alternate reinforcers. 
Whether the validity of this computerized tool was tested, is not completely clear. 
Finlayson et al. indicate that the forced choice paradigm measures relative 
behavioral preference and probably contains an element of !liking". The 
incorporation of the reaction time measurement in the studies of Finlayson et al. 
is an improvement of the paradigm and might give a better indication of the 
motivation to obtain a desired food. We used the forced choice paradigm for the 
assessment of relative !liking" (preference) instead of !wanting". Our subjects had 
to indicate their preference of paired items as a measure of relative !liking". In 
addition, their !liking" was measured absolutely by means of subjective VAS. A 
positive relationship was found between the scores of both !liking" measures, 
which indicates that outcomes were rather stable within subjects, yet absolute 
!liking" scores were continuously higher than relative !liking" scores. The 
difference between absolute and relative !liking" scores is of interest since it 
indicates the difference between highly liked but still less liked items.  
The attractiveness of the visual input used in our computer test was positively 
related to the pleasantness of taste of the food items. This indicates that the 
used photographic stimuli are representative for the actual taste of the food 
items and are cues that can predict !liking" and possibly !wanting". 
Chocolate mousse, a dessert-specific food item, was liked more and perceived 
as more full of taste than cottage cheese, a dessert non-specific and neutral food 
item. Chocolate mousse induced a larger decrease in hunger and desire to eat 
than cottage cheese, although the offered amount of both food items was 
isoenergetic. These findings can be explained by the higher !liking" and fullness 
of taste of chocolate mousse compared with cottage cheese. This is in 
accordance with previous research showing that palatability prolongs satiation 
(23).  
Subjective estimates of !liking" and !wanting" for chocolate mousse and cottage 
cheese were measured using VAS. In the fasted state, !liking" for chocolate 
mousse or cottage cheese was the best predictor for !wanting" for both food 
items. In the satiated state, !wanting" for chocolate mousse was predominantly 
determined by desire to eat in general, and !wanting" for cottage cheese was 
determined by !liking" for cottage cheese. These results may implicate that food 
Measurement of !liking" and !wanting" 
 55 
!wanting" in the satiated state is predominantly determined non-homeostatically 
by !liking" or desire to eat: in the absence of hunger, chocolate mousse will only 
be eaten if there is still a desire to eat, while cottage cheese will only be eaten if 
it is liked very much.  
In summary, the developed computer test for measurement of reward in terms of 
!liking" and !wanting" is valid in that it has a sufficient reproducibility and 
sensitivity. Consumption of a food item that is highly liked and perceived as 
highly full of taste induces a more distinct decrease in hunger, desire to eat and 
!wanting" of food items in general than consumption of a neutral food item. 
Moreover, only such a highly liked food item induces a reduction in ranking of its 
category-specific !liking", relative to other categories. 
Thus, the main goal of the current study, which was the validation of the 
computer test, appears to have been achieved, and as a methodological 
contribution this technique seems likely to be useful in the future. 
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Appendix  
Table A1. Description of the 72 items divided in six categories used in this study.  
 
Bread Filling Drinks Dessert Sweets Stationery 
Baguette Apricot jam Apple juice Apple Cigarette Blocknote 
Brown bread Brie cheese Buttermilk Banana Doritos (nacho 
cheese) 
Marker 
Brown hard roll Chocolate paste Carbonated 
water 
Butter cookie Lay"s natural 
chips 
Paper 
Brown soft 
bread 
Chocolate 
sprinkles 
Chocolate 
milk 
Cake Lay"s paprika 
chips 
Pen 
Cracker Egg salad Coca cola Chocolate 
custard 
Liquorish Pencil 
Croissant Forest fruit jam Fanta Chocolate 
mousse 
Milk chocolate Pencil 
eraser 
Currant bread Fruit sprinkles Fristi Cottage 
cheese 
Napoleon sour 
bon bons 
Pritt 
correction 
Pumpernickel Gouda cheese Milk Forest fruit 
yoghurt 
Peanuts Pritt stick 
White bread Ham Orange juice Liege waffle TUC (original) 
biscuits 
Ruler 
White hard roll Peanut butter Plain water Marzipan 
cake 
Twix  Scissors 
White soft roll Salami Schweppes Orange White chocolate Sharpener 
Whole wheat 
roll 
Sandwichspread White wine 
(alcohol free) 
Vanilla 
custard 
Wine gums Tape 
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Abstract 
Eating behavior can be influenced by the rewarding value of food, i.e., !liking" 
and !wanting".  
The objective of this study was to assess in normal weight dietary restrained 
(NR) vs. unrestrained (NU) eaters how rewarding value of food is affected by 
satiety, and by eating a nonhealthy perceived, dessert-specific food vs. a healthy 
perceived, neutral food (chocolate mousse vs. cottage cheese).  
Subjects (24NR age=25.0±8.2 years, BMI=22.3±2.1 kg/m2; 26NU age=24.8±8.0 
years, BMI=22.1±1.7 kg/m2) came to the university twice, fasted (randomized 
crossover design). Per test session !liking" and !wanting" for 72 items divided in 
six categories (bread, filling, drinks, dessert, sweets, stationery (placebo)) was 
measured, before and after consumption of chocolate mousse/cottage cheese, 
matched for energy content (5.6 kJ/g) and individual daily energy requirements 
(10 %).  
Chocolate mousse was liked more than cottage cheese (p<0.05). After 
consumption of chocolate mousse or cottage cheese, appetite and !liking" vs. 
placebo were decreased in NR and NU (p<0.03), whereas !wanting" was only 
decreased in NR vs. NU (p%0.01). In NR vs. NU !wanting" was specifically 
decreased after chocolate mousse vs. cottage cheese; this decrease concerned 
especially !wanting" for bread and filling (p<0.05).  
To conclude, despite similar decreases in appetite and !liking" after a meal in NR 
and NU, NR decrease !wanting" in contrast to NU. NR decrease !wanting" 
specifically for a nonhealthy perceived, !delicious", dessert-specific food vs. a 
nutritional identical, yet healthy perceived, slightly less !delicious", !neutral" food. 
A healthy perceived food may thus impose greater risk for control of energy 
intake in NR. 
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Introduction 
Currently, appetite research is paying attention to the food reward system as an 
important non-homeostatic regulator of human eating behavior. Unraveling this 
reward system may help us to understand the factors that influence the 
excessive food intake associated with obesity (1–3). 
According to the incentive salience theory the process of reward consists of two 
components, i.e., !liking" and !wanting", controlled by different brain mechanisms 
(4). !Liking", under control of opioids, is the hedonic or affective component and 
refers to the pleasure derived from orosensory stimulation of food (5,6). 
!Wanting", under control of dopamine, is the motivational incentive component 
and refers to appetite or craving or the motivation to obtain food (1,4–7). 
Although !liking" and !wanting" often go hand-in-hand, humans may want less 
liked food items, cultivated as a habit, as for instance restrained eaters do: they 
cognitively restrict their food intake to lose weight or to prevent weight gain (6,8). 
Furthermore, in research on drug addiction it was observed that drug addicts are 
driven to take drugs without !liking" their effects (9,10). Taking the above into 
account, it is of importance to differentiate between the influences of !liking" and 
!wanting" on food intake. Moreover, since successful dietary restrained eaters 
control their food intake more cognitively, it is relevant to assess whether effects 
of !liking" and !wanting" on food intake differ between dietary restrained and 
unrestrained eaters (11).  
The aim of this study was to assess in normal weight, and thus successful, 
dietary restrained eaters (NR) vs. normalweight dietary unrestrained (NU) eaters 
how the rewarding value of food in general, and more specific in terms of !liking" 
and !wanting", is affected by satiety, and by the consumption of food items that 
may differ in rewarding value: a dessert-specifc food item, i.e., chocolate 
mousse, vs. a dessert nonspecifc, !neutral" food item, i.e., cottage cheese. A 
computer test for measurement of !liking" and !wanting", developed and validated 
in a previous study, was used (12). That previous study indicated that chocolate 
mousse was mostly described as a delicious but less healthy food item and 
cottage cheese as a healthy food item, whereas both items had the same energy 
content and density (12). Foods classified as unhealthy are commonly 
considered to contain more calories than healthy foods (13). 
However, the caloric content of !healthy foods" may often be underestimated and 
consumption of those foods may influence the amount of intake or the 
subsequent food choice, possibly related to individual differences (14). Hence, a 
possible pitfall for restrained eaters to regulate their body weight cognitively may 
be the consumption of !healthy foods". Consumption of those foods may not be 
perceived as a violation of adhering to their dieting rules and consequently may 
lead to an increased food and energy intake. 
Terefore, consumption of chocolate mousse and cottage cheese, as examples of 
nonhealthy respectively healthy food items, may exert different effects on the 
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rewarding value of foods, in terms of !liking" and !wanting", in NR subjects 
compared with NU subjects. We hypothesize that in NR subjects in contrast to 
NU subjects consumption of chocolate mousse may prevent further !wanting" of 
foods, whereas consumption of cottage cheese may still allow further !wanting" of 
foods. 
 
Methods and procedures 
Subjects 
Fifty normal weight white subjects (15 males and 35 females, age 24.9±8.0 
years (mean±SD, range 18-51 years)) with a BMI of 22.2±1.9 kg/m2 (mean±SD, 
range 18.9-25.3 kg/m2) participated in this study. They were recruited by 
advertisements in local newspapers and on notice boards at the university and 
hospital. Subjects underwent an initial screening including measurement of body 
weight and height and completion of a questionnaire related to health, use of 
medication, smoking behavior, alcohol consumption and physical activity. Eating 
behavior was analyzed using a validated Dutch translation of the Three Factor 
Eating Questionnaire (TFEQ) which measures three components: !cognitive 
restraint of eating" (factor 1), !disinhibition of restraint" (factor 2) and !hunger" 
(factor 3) (8). Factor 1 describes the tendency to which individuals attempt to 
cognitively control their food intake. Factor 2 describes the loss of control over 
eating in situations that make the cognitive control more difficult. Factor 3 
describes the subjective feeling of hunger (8). On the basis of the median for the 
TFEQ scores in the south of the Netherlands, subjects were characterized as 
unrestraint when dietary restraint scores were <9, and as restraint when scores 
were $9. Subjects were characterized as having low disinhibition when 
disinhibition scores were <5, and as having high disinhibition when scores were 
$5 (15). Subjects were divided into two groups according to their scores on the 
TFEQ restraint scale: a restrained group (n=24) and an unrestrained group 
(n=26). All subjects gave written informed consent by the start of the first test 
day. The study was approved by the Medical Ethical Committee of the 
Maastricht University.  
 
Study design 
The study was conducted in a randomized cross-over design as described 
previously by Lemmens et al. (12). All subjects came to the university twice in a 
fasted state, between 08:00 and 10:00 AM. The test sessions differed only in the 
presentation of the test meal: either chocolate mousse or cottage cheese.  
The test session started by filling out visual analogue scales (VAS) on appetite-
related parameters. Subsequently the researcher gave the instructions on the 
computer test for measurement of !liking" and !wanting". After completing the 
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computer test, subjects had to consume the entire test meal. Immediately post-
ingestion subjects filled out the VAS and completed the computer test again.  
 
Appetite profile 
One hundred unit VAS (mm) were used to assess the appetite profile. The 
scales were anchored with !not at all" at one end and !extremely" at the other 
end, and combined with questions on feelings of hunger, thirst, fullness, satiety, 
desire to eat, and on !liking", !wanting", creaminess, and fullness of taste of 
chocolate mousse and cottage cheese. These VAS were completed in the fasted 
and satiated state. Subjects received a full tutorial on the completion of VAS on 
appetite-related parameters before the start of the actual experiment. 
 
Test meal  
The test meal consisted of either chocolate mousse or cottage cheese (both 0.6 
MJ per 100 g; energy % protein/carbohydrate/fat: 21/29/50) and a glass of water 
(250 mL). The amount of chocolate mousse or cottage cheese given to the sub-
jects corresponded to 10 % of their daily energy requirements. For each subject 
the daily energy requirements were calculated by multiplying the basal metabolic 
rate (BMR) by the appropriate physical activity factor (1.5-1.8, derived from the 
screening questionnaire, (16)). The BMR (MJ/d) was calculated according to the 
equation of Harris-Benedict (17). On average subjects received 1.1 MJ (range 
0.8-1.6 MJ) of chocolate mousse or cottage cheese, corresponding to an 
average of 204 g (range 148-290 g). This range was present because of the 
subject-specific calculated energy requirements. The order of presentation of the 
test meal was randomized across the subjects to prevent any order effects. 
Factorial ANOVA analysis showed no significant effect of the order the subjects 
received the test meals, chocolate mousse or cottage cheese, respectively, con-
cerning the data of the appetite profile measurements and of the !liking" and 
!wanting" computer test (p>0.05). 
 
!Liking" and !wanting" computer test 
The computer test described and validated by Lemmens et al. was used to 
measure the rewarding value, i.e. !liking" and !wanting", for 72 items divided in six 
categories: bread, filling, drinks, dessert, sweets, and stationery (non-food 
alternative as placebo) (12). Each category contained 12 items. The 72 items 
were presented as photographic stimuli on a computer screen (13-inch Mac 
Book, Apple, Cupertino, USA). 
During the !liking" part of the computer test subjects had to indicate their relative 
preference of paired items within and between categories, resulting in a ranking 
of !liking" of the items per category and of the categories.  
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During the !wanting" part of the computer test subjects had to work to earn items 
to choose from by playing memory games. For each category of items subjects 
played a five by five memory game (12 pairs of items) followed by the indication 
of the items subjects wanted to acquire at that moment. If for example eight pairs 
of items would be found in the memory game of the sweets category, then eight 
randomly selected sweets would be offered to choose from. Subjects could 
choose zero, one or two items per category. They were instructed to choose the 
items while keeping in mind that all the chosen items would be offered to them 
and had to be eaten completely. The chosen items obtained a score equal to the 
number of pairs of items found in the memory game, representing the motivation 
or workload for the chosen items. Items not chosen obtained a score of zero. Per 
category the sum of the scores of the items was calculated and represented the 
!wanting" score for each category. The reward consisted primarily of magnitude 
of food variety offered per category and secondarily of meal size consisting of 
the number of different categories that subjects had worked for. 
 
Statistics 
Data were analysed using StatView 5.0 (SAS Institute, Cary, NC, USA). 
Differences over time (pre- to post-meal), between subject groups (NR and NU) 
and between conditions (chocolate mousse and cottage cheese) were analyzed 
using paired Student"s t-tests, factorial ANOVA or two-factor ANOVA with 
repeated measures. The Wilcoxon signed-rank test was used to detect 
differences in the ranking of !liking" of items within each category between pre- to 
post-meal. Simple linear regression models were used to determine relationships 
between TFEQ scores and mean !wanting" for items from any category. All tests 
were two-sided and differences were considered significant at p<0.05. Values 
are expressed as mean ± standard error of the mean (SEM). 
 
Results 
Subject characteristics 
The characteristics of the subjects are summarized in Table 1. Age, BMI, and 
disinhibition scores did not differ between NR and NU subjects. NU subjects had 
a higher height and body weight compared with NR subjects (p<0.01), due to the 
higher number of men in the NU group. NR subjects had higher dietary restraint 
and lower feeling of hunger scores than NU subjects (p<0.05). 
Taking gender into account, male subjects showed an overall higher mean 
!wanting" for items from any category in the chocolate mousse and cottage 
cheese condition (p<0.02). There was no gender effect for the change in appetite 
profile ratings and in !liking" and !wanting" scores pre- to post-consumption of 
Dietary restraint and rewarding value of food 
 65 
chocolate mousse and cottage cheese. Therefore those results for male and 
female subjects were analyzed together. 
 
Table 1. Characteristics of normal weight dietary restrained (NR) and unrestrained (NU) subjects.  
 NR 
(n=24; 3m/21f) 
NU 
(n=26; 12m/14f) 
pa 
Age (years) 25.0±8.2 24.8±8.0 1.0 
Height (cm) 168.6±8.1 177.6±7.1 <0.001 
Body weight (kg) 63.3±7.9 69.9±7.1 <0.01 
BMI (kg/m2) 22.3±2.1 22.1±1.7 0.8 
Dietary restraint score 11.8±2.2 4.0±2.4 <0.001 
Disinhibition score 4.5±2.0 4.5±2.0 1.0 
Feeling of hunger score 3.2±1.8 4.7±2.9 0.04 
Values are means±SD; ap-value: differences between subject groups (factorial ANOVA) 
 
Appetite profile 
Table 2 shows the results of the appetite profile measurements by means of 
VAS in the NR and NU subject groups and in the chocolate mousse and cottage 
cheese condition. In both subject groups high ratings for hunger, thirst and 
desire to eat and low ratings for fullness and satiety were measured at the start 
of the two test sessions, confirming their fasted state. In both subject groups and 
both conditions, meal consumption induced a decrease in hunger, thirst and 
desire to eat and an increase in fullness and satiety (p<0.02), confirming that 
subjects were in a satiated state when they fulfilled the second computer test.  
Both subject groups liked chocolate mousse more than cottage cheese (p<0.02) 
and perceived chocolate mousse as more full of taste than cottage cheese 
(p<0.01), before as well as after consumption of both food items. In both groups 
and both conditions !liking" and !wanting" for chocolate mousse respectively 
cottage cheese decreased after test meal consumption (p<0.03). 
The changes in these appetite profile parameters pre- to post-consumption did 
not differ between NR and NU subjects (p>0.1). 
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!Liking" and !wanting" computer test 
Table 3 shows the results of the computer test for relative !liking" between cate-
gories in NR and NU subjects and in the chocolate mousse and cottage cheese 
condition. Pre- to post-consumption of chocolate mousse, a change in the 
ranking of !liking" of the six categories was observed in both subject groups, 
thereby decreasing the dessert category and increasing placebo, the stationery 
category (p<0.001). This decrease in !liking" for the dessert category was larger 
in the chocolate mousse condition than in the cottage cheese condition in both 
subject groups (p<0.05). Pre- to post-consumption of cottage cheese an in-
crease in the ranking of !liking" of stationery (p<0.001) was observed in both 
subject groups. The changes in the ranking of !liking" of the categories pre- to 
post-consumption of both test meals did not differ between subject groups 
(p>0.1). The ranking of !liking" of the items within each category did not change 
significantly in both conditions and in both subject groups (p>0.1).  
 
Figure 1 shows mean !wanting" for items from any category in NR and NU sub-
jects and in the chocolate mousse and cottage cheese condition. In both condi-
tions there was a significant time by group interaction (pre-/post-meal x NR/NU 
subject group) for mean !wanting" for items from any category (p%0.01). Mean 
!wanting" for items decreased pre- to post-consumption of chocolate mousse and 
cottage cheese in the NR subjects (p<0.01) but not in the NU subjects. There-
fore, the decrease in mean !wanting" for items from any category pre- to post-
consumption of chocolate mousse (p<0.01) and cottage cheese (p=0.01) was 
higher in NR subjects than in UR subjects. 
 
 
Figure 1. Mean !wanting" score (±SEM) for items from any category pre- and post-consumption of 
chocolate mousse (CM) and cottage cheese (CC) in normal weight dietary restrained (NR) and 
unrestrained (NU) subjects. *p<0.01 for differences pre- to post-meal (t-test), #p<0.01 for differences 
between NR and NU subjects concerning the difference in !wanting" pre- to post-consumption of CM 
and CC (factorial ANOVA) 
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Moreover (Table 4), in NR subjects consumption of chocolate mousse induced a 
decrease in !wanting" for bread (p<0.001), filling (p<0.001), drinks (p=0.01), 
dessert (p=0.01) and stationery (p=0.03). Consumption of cottage cheese in-
duced a decrease in !wanting" for drinks (p<0.01) and dessert (p=0.02). The 
decrease in !wanting" for bread and filling pre- to post-consumption of chocolate 
mousse and cottage cheese was higher in the chocolate mousse condition com-
pared with the cottage cheese condition (p<0.02; Figure 2). NU subjects did not 
show a significant change in !wanting" per category in both conditions. Conse-
quently, the decrease in !wanting" for bread and filling pre- to post-consumption 
of chocolate mousse was higher in NR subjects compared with NU subjects.  
 
Figure 2. Difference in mean !wanting" score (±SEM) pre- to post-consumption of chocolate mousse 
(CM) and cottage cheese (CC), for the bread and filling category in normal weight dietary restrained 
(NR) and unrestrained (NU) subjects. *p%0.01 for differences between NR and NU subject groups 
(factorial ANOVA), #p<0.05 for differences between CM and CC condition (two-factor ANOVA 
repeated measures) 
 
A simple linear regression model showed a negative relationship between 
dietary restraint scores (factor 1 TFEQ) and mean !wanting" for items from any 
category after chocolate mousse consumption (R2=0.1, p=0.04). 
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Discussion 
The objective of this study was to assess pre- to post-meal changes in the 
rewarding value of food, in terms of !liking" and !wanting", as a function of dietary 
restraint. Two contrasting, but otherwise similar and iso-energetic foods, mostly 
consumed as a dessert, were used as a meal. One of the foods, cottage cheese, 
was perceived as a healthy food, while the other food, chocolate mousse, was 
perceived as a non-healthy food, and often avoided by dieters. Subjects 
perceived chocolate mousse as more full of taste than cottage cheese and 
scored it higher on the VAS !liking" scale.  
Pre- to post-meal changes in appetite profile parameters consisted of a similar 
decrease in appetite in both NR and NU subjects. 
Also ranking of !liking" of the used categories of items (bread, filling, drinks, 
dessert, sweets, stationery) changed similarly in both subject groups pre- to 
post-meal. In both conditions (chocolate mousse and cottage cheese) and in 
both subject groups, test meal consumption induced an increase in relative 
!liking" for the non-food alternative, i.e. the stationery category. Consumption of 
chocolate mousse induced a decrease in relative !liking" for the dessert category, 
which is the food category the eaten food belongs to. While ranking of !liking" 
changed between categories, within each category there was no significant 
change in ranking of !liking" of the items in both conditions and subject groups.  
Despite these similarities between NR and NU subjects concerning appetite and 
!liking" pre- to post-consumption of chocolate mousse and cottage cheese, there 
was a large difference in the change in !wanting" pre- to post-meal. NU subjects 
showed no decrease in !wanting" after eating either chocolate mousse or cottage 
cheese. In contrast to NU subjects, restrained subjects showed a decrease in 
mean !wanting" for items from any category after test meal consumption. In 
particular consumption of chocolate mousse induced a more distinct decrease in 
!wanting", especially for the bread and filling category, than consumption of 
cottage cheese. NU subjects seem to be unaffected by the type of food eaten 
(i.e. chocolate mousse/cottage cheese), while NR subjects seem to be less 
successful in cognitively controlling their subsequent !wanting" when a healthy 
perceived food item (cottage cheese) is consumed than when a highly palatable 
and less healthy perceived food item (chocolate mousse) is consumed, as their 
decrease in !wanting" was more distinct after chocolate mousse consumption 
than after cottage cheese consumption. This is in line with Fishbach et al. indi-
cating that exposing restrained eaters to tempting and !forbidden" foods may 
make them more conscious about their weight and eating behavior when 
planning future food consumption (18). This also implies that dietary restraint 
subjects are very much focused on unhealthy !forbidden" foods. Therefore, when 
one follows a diet, it may well be more satisfactory to consume in this case a real 
dessert thereby decreasing not only !wanting" for dessert but also for many other 
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food items, instead of consuming a !healthy" food that does not limit consumption 
of other foods. 
NR subjects in our study had a relatively low mean disinhibition score and were 
normal weight, indicating they are successful restraint (19). Testing for possible 
effects of subject"s disinhibition scores (factor 2 TFEQ) by means of ANOVA and 
regression analyses, showed that disinhibition had no effect on relative !liking" 
and !wanting" in the chocolate mousse and cottage cheese condition.  
A regression analysis indicated that mean !wanting" for items from any category 
after chocolate mousse consumption, but not after cottage cheese consumption, 
was inversely related to restraint scores (Factor 1 TFEQ). This may again 
implicate that the type of food consumed has got influence on subsequent 
!wanting" when being dietary restraint, and the more restraint a subject"s attitude 
is, the stronger the decrease in !wanting".  
In summary, in NR subjects as well as in NU subjects, eating a highly liked food 
item induces a lower ranking of category-specific !liking" vs. placebo. The type of 
food consumed during a meal has a larger influence on subsequent !wanting" of 
food in NR eaters than in NU eaters. In those NR eaters, compared with NU 
eaters, consumption of a food item which is highly liked and perceived as less 
healthy decreases !wanting" for food more compared with consumption of a food 
item which is less liked, neutral, and perceived as healthy.  
Thus, for successfully restrained eaters the consumption of a highly rewarding 
food may result in better control of eating behavior than consumption of a 
healthy perceived but less rewarding food. Restrained eaters have a similar 
control over appetite and !liking" as unrestrained eaters, although they use 
cognitive cues, but they have a stronger control over !wanting" in case of 
!delicious" foods. 
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affecting postprandial energy intake 
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Abstract 
Meal pattern may influence hormone and appetite dynamics and food intake. 
The objective of the study was to determine the effects of staggered vs. non-
staggered meal consumption on hormone and appetite dynamics, food reward 
(i.e. !liking", !wanting"), and subsequent energy intake. 
The study was conducted in a randomized cross-over design. Participants 
(n=38, age=24±6 y, BMI=25.0±3.1 kg/m2) came to the university twice for 
consumption of a four-course lunch (40 % of the daily energy requirements) in 
0.5h (non-staggered), or in 2h with three within-meal pauses (staggered), 
followed by ad libitum food intake. Throughout the test sessions glucagon-like 
peptide (GLP)-1, peptide tyrosine-tyrosine (PYY3-36), ghrelin, appetite, and food 
reward were measured.  
In the staggered vs. non-staggered meal condition peak values of GLP-1, PYY3-
36, and satiety were lower and time to peak values were higher (P<0.02); the 
nadir value of hunger was higher, and time to nadir values of ghrelin and hunger 
were higher (P<0.0001). Prior to ad libitum food intake GLP-1 concentrations 
and satiety ratings were larger, ghrelin concentrations and hunger ratings were 
smaller, and food !wanting" was smaller in the staggered vs. non-staggered meal 
condition (P<0.05). However, this did not affect ad libitum energy intake  (1.7±0.3 
vs. 1.9±0.2MJ, n.s.). 
In conclusion, staggered vs. non-staggered meal consumption induces less 
pronounced hormone and appetite dynamics. Moreover, it results in higher final 
GLP-1 concentrations and satiety ratings, lower ghrelin concentrations and 
hunger ratings, and lower food !wanting" prior to ad libitum food intake. However, 
this was not translated into a lower energy intake.  
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Introduction 
The prevalence of overweight and obesity has increased worldwide to epidemic 
proportions (1, 2). Genetic, environmental, socioeconomic, cultural and 
behavioral factors all may play a major role in the development of obesity (3, 4). 
Among cultural and behavioral factors, eating out has become an important 
aspect (4). Out-of-home consumption, compared with eating at home, often re-
sults in a larger food intake, which may be due to external factors such as meal 
duration, the availability of palatable high caloric foods, large portion sizes, the 
atmosphere, the presence of other people, or distraction, which lowers the 
possibility of estimating the energy density of the foods resulting in less well 
adaptation of portion sizes (5-8). On the other hand, physiological factors such 
as the dynamics of hunger and satiety and of related hormones during the meal 
may exert their feedback already during the meal and consequently influence 
food and energy intake.   
In habitual situations, e.g. at home, people consume a standard three- or four-
course meal in about half-an-hour, but when people are having their meal served 
in a restaurant, consumption of the meal takes longer, e.g. two hours with within-
meal pauses of 20-30 min. Meal pattern manipulation might influence energy 
homeostasis, involving metabolic hunger and satiety signals produced in the 
hypothalamus and peripheral organs (9), as well as the concept of reward, 
processed in cortico-limbic structures (10). 
Relevant hormones that may sustain these meal patterns are the anorexigenic 
peptides glucagon-like peptide (GLP)-1 and peptide tyrosine-tyrosine (PYY), and 
the orexigenic gut peptide ghrelin. GLP-1 and PYY are released from the 
endocrine L cells of the ileum and the colon, and appear to reduce appetite (11, 
12). Their plasma concentrations are low in the fasting state and rise during a 
meal (12-14). Ghrelin is a peptide secreted primarily by the stomach, and 
appears to increase appetite. Ghrelin plasma concentrations peak before a meal 
and rapidly drop postprandially (11).  
Concerning the hormone dynamics, a study of Solomon et al. (15) investigated 
the hormonal effects of meal frequency (two vs. twelve meals (equi-energetic) in 
an eight hour intervention period), and showed a prolonged elevation of insulin 
and ghrelin concentrations in the high-frequency meal condition. Kokkinos et al. 
(16) investigated the effect of consumption of 300 mL ice cream in five min (two 
equal portions) or in 30 min (seven equal portions) on the postprandial response 
of PYY, GLP-1 and ghrelin. Total area under the curve for PYY and GLP-1 were 
higher in the 30-min meal condition. Studies by Jenkins et al. (17, 18) and 
Wolever (19) revealed greater hormone fluctuations (e.g. glucose, insulin) 
following larger meals, than after smaller, more frequent meals.  
Concerning energy intake, Speechly et al. (20, 21) showed that obese and lean 
males fed an isoenergetic pre-load sub-divided into a multi-meal plan (five equal 
portions, given hourly) consumed 27 % less at a subsequent ad libitum test meal 
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than did the same men when given the pre-load as a single meal. A study by 
Taylor et al. (22) showed that in women, in the short term, consumption of six vs. 
two meals (equi-energetic, 4.2 MJ/24 h) had no major impact on subsequent 
energy intake. Taking the above into account, there are still inconsistencies in 
the literature concerning the effects of meal pattern manipulation. On the one 
hand eating slowly by increasing meal duration may exert more control over food 
and energy intake through physiological feedback signals that appear already 
during the meal (15, 16, 20, 21). On the other hand, increased meal duration 
when eating out can exert less control over food and energy intake (4, 8). The 
question remains whether stimulated food intake through the social context of 
eating out is facilitated by a slower appearance of satiation signals, or whether it 
takes place despite greater appetite control by possibly more sustained satiety 
signals.  
The objective of our study was to determine in a laboratory setting, thus 
excluding the environmental factors of eating out, whether consumption of a 
four-course lunch spread over two hours, with three within-meal pauses 
(staggered), facilitates or controls food intake by affecting hormone (GLP-1, 
PYY3-36, and ghrelin concentrations) and appetite dynamics, food reward, i.e. 
!liking" and !wanting" (23), compared with consumption of the same four-course 
meal in half-an-hour, without within-meal pauses (non-staggered). We hypothe-
sized that the release of GLP-1, PYY3-36, and ghrelin would be less pronounced 
and steadier, in the condition of staggered meal consumption compared with the 
condition of non-staggered meal consumption, thereby sustaining the appetite 
profile and controlling food intake more, thus decreasing subsequent food 
!wanting" and energy intake. 
 
Materials and Methods 
Participants 
Thirty-eight healthy participants (18 men and 20 women; age 24±6 y (mean±SD) 
with a BMI of 25.0±3.1 kg/m2 (mean±SD) participated in this study. They were 
recruited by advertisements in local newspapers and on notice boards at the 
university. Participants underwent an initial screening including measurement of 
body weight, height, waist circumference and hip circumference, and completion 
of a questionnaire related to health, use of medication, smoking behavior, 
alcohol consumption, physical activity and eating behavior. Eating behavior was 
analyzed using a validated Dutch translation of the Three Factor Eating 
Questionnaire (TFEQ) which measures three components: !cognitive restraint of 
eating" (factor 1), !disinhibition of restraint" (factor 2) and !subjective feeling of 
hunger" (factor 3) (24). All participants gave written informed consent. The study 
was approved by the Medical Ethical Committee of the Maastricht University, 
and was in accordance with the Declaration of Helsinki. 
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Study design 
The study was conducted in a randomized crossover design. All participants 
came to the university twice, on two separate days at least one week apart, in a 
fasted state for either condition: four-course meal consumption in 0.5 h without 
within-meal pauses (test day A; non-staggered meal condition) vs. four-course 
meal consumption in 2 h with three within-meal pauses of 20-25 min (test day B; 
staggered meal condition). The order of the two conditions was randomized 
across the participants to prevent any order effects.  
In the morning (08:00 h) all participants consumed a standardized breakfast 
drink at home, and were instructed not to consume any foods or beverages 
following consumption of the drink. Participants arrived at the university before 
lunchtime, at 11:00 h. An intravenous catheter was inserted into the antecubital 
vein for blood sampling, for measurement of plasma GLP-1, PYY3-36, and ghrelin 
concentrations.  
Consumption of the four-course lunch started at 12:00 h. Following consumption 
of the lunch (14:35 h), participants were served sweet and savory food items ad 
libitum. This gave us the opportunity to measure energy intake and food reward 
in terms of !liking" and !wanting" in the absence of hunger, thus eating beyond 
energy homeostasis.  
During the course of the test days A and B, participants were seated separately 
and remained seated, blood samples were drawn, visual analogue scales (VAS) 
on appetite were completed and the computer test for measurement of !liking" 
and !wanting" was executed (25).   
All women were tested in the follicular phase, as it has been shown that women 
have a higher spontaneous energy intake in the luteal phase compared with the 
follicular phase (26, 27).  
 
Test meals 
An overview of the nutritional information of the foods consumed on the test days 
can be found in the Online Supporting Material (Supplemental Table 1). Before-
hand, during screening, participants had rated the food items for subjective liking 
(VAS), in order to check whether all food items were acceptable. All food items 
were scored more then 60 mm on a 100 mm VAS.  
In the morning, participants consumed a standardized breakfast drink at home 
(!Campina Goede morgen ontbijtdrink"). The amount of the breakfast drink par-
ticipants had to consume corresponded to 10 % of their individual daily energy 
requirements (DER). For each participant the DER were calculated by 
multiplying the basal metabolic rate (BMR) by the appropriate physical activity 
factor (1.5–1.8, derived from the screening questionnaire, (28)). The BMR 
(kJ/day) was calculated according to the equation of Harris–Benedict (29).  
The lunch consisted of a four-course meal, i.e. a salad (iceberg lettuce, mozza-
rella, tomato, croutons, and dressing) with a slice of white bread as a starter, 
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macaroni Bolognese as the first part of the main course, vegetable lasagna as 
the second part of the main course, and raspberry pudding as a dessert. The 
energy density of the total four-course meal was 5.0 kJ/g and comprised 14 % 
protein, 54 % carbohydrate, and 32 % fat. The amount of the four-course meal 
participants had to consume corresponded to 40 % of their DER (5.0±0.1 MJ; 
starter 8 %, first part main course 12 %, second part main course 12  %, and 
dessert 8 % of the DER). 
During test day B, the starter and the first part of the main course were con-
sumed between 12:00 h and 13:00 h, while the second part of the main course 
and the dessert were consumed between 13:00 h and 14:00 h. The amount of 
energy (20 % of the DER) and the energy density (5.0 kJ/g) of the foods con-
sumed between 12:00 h and 13:00 h, and of the foods consumed between 13:00 
h and 14:00 h, were equal. 
During test day A participants had 0.5 h to consume the four-course meal. 
During test day B the courses were offered at 12:00 h, 12:35 h, 13:10 h, and 
13:40 h (time points 0, 35, 70, and 100 min) and participants had 10 min to 
consume each course. All participants were instructed to consume the entire 
amount of food presented. All participants consumed the whole of the offered 
lunch. No participants were excluded. 
Two-and-a-half hours after the start of consumption of the four-course meal (time 
point 155 min), participants were presented a tray with generous pre-weighed 
portions of sweet and savory food items: Dutch syrup waffles, banana-chew 
candy, chocolate-coated marshmallow treats, apple cakes, peanuts, potato 
crisps, and salty sticks. The participants were instructed to eat as much as they 
wished of any of the foods. After the participants left, each of the portions of the 
food items were weighed to determine food choice and the amount eaten. We 
chose for this selection of common energy dense foods, as in the Dutch popula-
tion those food items are often consumed following a meal, with the afternoon 
tea. Moreover, those food items are highly rewarding, easy to consume, and 
often offered at the restaurant following a three- or four-course meal. 
During the 2 h waiting period on test day A (from the end of lunch until the start 
of the ad libitum food consumption) participants remained seated, completed 
VAS for appetite on appropriate time points, and had the chance to read a 
book/magazine, or to study.  
Each participant was given 14.3 mL/kg water to consume ad libitum throughout 
the test days (15). 
 
Appetite profile 
One hundred unit VAS (mm) were used to assess the appetite profile. The 
scales were anchored with !not at all" at one end and !extremely" at the other 
end, and combined with questions on feelings of hunger, !desire to eat", satiety, 
fullness, and thirst. 
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The VAS were completed eight times throughout test day A, at -45, -10, 35, 65, 
95, 125, 150, and 175 min, and ten times throughout test day B, at -45, -10, 20, 
50, 65, 85, 95, 110, 150, and 175 min.  
 
Blood sampling 
Venous blood samples were collected into EDTA tubes, five times during test 
day A, at -5, 30, 60, 90, and 120 min, and nine times during test day B, at -5, 15, 
30, 45, 60, 75, 90, 105, and 120 min. Blood samples were drawn to determine 
concentrations of plasma GLP-1, PYY3-36, and ghrelin.  
For GLP-1 analysis, blood was collected into EDTA tubes to which dipeptidyl 
peptidase IV inhibitor (10 mL/L blood) was added. For the analysis of PYY3-36, 
blood was collected into EDTA tubes in which dipeptidyl peptidase IV inhibitor 
(10 mL/L blood) and aprotinin (50.104 KIU/L blood) was added. After collection, 
blood samples were centrifuged for 10 min at 4 °C at 1428 x g. For ghrelin 
analysis, PMSF, dissolved in methanol, and hydrochloric acid were added to the 
plasma. Plasma samples were immediately frozen in liquid nitrogen and stored 
at –80 °C until analysis. Plasma concentrations of PYY3-36 and active ghrelin 
were measured by RIA (Linco Research Inc, St Charles, MO) and those of active 
GLP-1 by ELISA (EGLP-35K; Linco Research Inc, St Charles, MO). 
 
!Liking" and !wanting" computer test 
The computer test described and validated by Lemmens et al. (25) was used to 
measure the rewarding value, i.e. !liking" and !wanting", for 72 items divided in six 
categories: bread, filling, drinks, dessert, snacks, and stationery (non-food 
alternative as placebo). Each category contained 12 items. The 72 items were 
presented as photographic stimuli on a computer screen (13-inch Mac Book, 
Apple, Cupertino, USA). This computer test has been elaborately described and 
validated by Lemmens et al. (25), therefore a short summary is given here. 
The computer test contained two parts, a !liking" part and a !wanting" part. Both 
the !liking" and !wanting" tasks assessed !liking" respectively !wanting" for the 
same food and stationery items. During the !liking" part, participants had to 
indicate their relative preference of paired items within and between the six 
categories. This resulted in a relative ranking of !liking" of the items per category 
(score range 0-605), and of the categories (score range 0-125). 
During the !wanting" part, participants had to work to earn items by playing 
memory games. For each category of items participants played a five by five 
memory game (12 pairs of items), which was followed by the indication of the 
items participants wanted to acquire at that moment. The more pairs of items 
were found in the memory game, the more randomly selected items were offered 
to choose from afterwards. Participants could choose zero, one or two items per 
category. The chosen items obtained a score equal to the number of pairs of 
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items found in the memory game, representing the motivation or workload for the 
chosen items (score range 2–12). Items not chosen obtained a score of zero. 
Per category the sum of the scores of the items was calculated and represented 
the !wanting" score for each category. A minimum score of zero and a maximum 
score of 24 was obtained per category. 
The !liking" and !wanting" computer test was completed three times throughout 
the test days: before and after consumption of the four-course meal and after the 
ad libitum consumption of sweet and savory food items (time points test day A:   
-40, 100, 180 min; test day B: -40, 115, 180). The food items presented for ad 
libitum consumption were different from those pictured in the !liking" and 
!wanting" computer test. 
 
Statistics 
Data were analyzed using StatView 5.0 (SAS Institute Inc., Cary, NC, USA). 
ANOVA with repeated measures was used to study the conditional effects of 
staggered vs. non-staggered meal consumption, and the effects of time, on 
hormone (GLP-1, PYY3-36, and ghrelin) concentrations, on VAS appetite scores, 
on food reward, i.e. !liking" and !wanting", and on energy intake. Paired and 
unpaired Student"s t-tests were used as post hoc analyses for significant 
interactions. Unpaired Student"s t-tests were used to analyze differences in 
participant characteristics between men and women. Postprandial response 
curves of the hormone concentrations and appetite ratings were evaluated by 
comparing baseline values, peak/nadir values, time to peak/nadir values, and 
endpoint values in the staggered vs. non-staggered meal condition using paired 
Student"s t-tests.  
Simple linear regression models were used for correlation analysis between the 
following parameters: food !wanting" vs. GLP-1/ghrelin concentrations, food 
!wanting" vs. satiety/hunger ratings, ad libitum energy intake vs. satiety/hunger 
ratings, and ad libitum energy intake vs. !wanting" for dessert/snacks.  
All tests were two-sided and differences were considered significant at P<0.05. 
Values are expressed as mean±SEM, unless stated otherwise. 
 
Results 
Participant characteristics 
No significant differences were shown between men and women in age, BMI, hip 
circumference and dietary restraint and feeling of hunger score (Table 1). Men 
showed significantly larger height, body weight, and waist circumference when 
compared with women (Table 1). Women showed a significantly higher 
disinhibition score when compared with men (Table 1). 
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Both normal weight and visceral overweight participants were included in the 
study, though no differences were detected regarding conditional effects of 
staggered vs. non-staggered meal consumption on hormone dynamics, appetite, 
reward, and energy intake, which is in accordance with studies by Speechly et 
al. (20, 21) and Kokkinos et al. (16). Moreover, no differences were observed 
between men and women regarding conditional effects of staggered vs. non-
staggered meal consumption on hormone dynamics, appetite, reward, and 
energy intake. Consequently, the data were analyzed for all participants 
together.   
 
 Table 1. Characteristics of men and women.  
 Men Women P1 
Age (y) 25.0±7.1 24.0±6.0 >0.5 
Height (cm) 185.0±7.1 169.0±7.1 <0.0001 
Body weight (kg) 86.0±13.0 72.0±9.9 <0.001 
BMI (kg/m2) 25.0±2.9 25.0±3.2 >0.9 
Waist circumference (cm) 88.0±11.0 79.0±9.2 <0.02 
Hip circumference (cm) 105.0±6.0 106.0±5.6 >0.4 
Dietary restraint score 5.2±3.3 6.9±3.5 >0.1 
Disinhibition score 3.3±1.4 4.9±2.6 <0.04 
Feeling of hunger score 3.7±2.5 4.1±2.7 >0.6 
Values are means±SD, men: n=18, women: n=20; 1P-value: differences between men and women 
(Unpaired Student"s t-tests) 
 
Endocrine responses 
Baseline values of plasma GLP-1 (Figure 1A), PYY3-36 (Figure 1B), and ghrelin 
(Figure 1C) concentrations (-5 min, before meal consumption) did not differ 
between the staggered and non-staggered meal condition. 
 
GLP-1 
Plasma GLP-1 concentrations changed over time (P<0.0001). Moreover, there 
was a time by condition interaction (P<0.0001) when comparing the plasma 
GLP-1 concentrations of the corresponding time points in the staggered and 
non-staggered meal condition. 
The peak value for GLP-1 was lower in the staggered vs. non-staggered meal 
condition (9.6±1.4 vs. 12.0±1.4 pmol/L; P<0.001). The time to peak value was 
higher in the staggered vs. non-staggered meal condition (120.0±2.1 vs. 
42.0±2.9 min; P<0.0001). The end point value (120 min) was higher in the 
staggered vs. non-staggered meal condition (P<0.01, Figure 1A). 
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PYY3-36  
Plasma PYY3-36 concentrations changed over time (P<0.0001). Moreover, there 
was a time by condition interaction (P<0.0001) when comparing the plasma 
PYY3-36 concentrations of the corresponding time points in the staggered and 
non-staggered meal condition. 
The peak value for PYY3-36 was lower in the staggered vs. non-staggered meal 
condition (132.0±6.1 vs. 147.0±7.2 ng/L; P=0.01). The time to peak value was 
higher in the staggered vs. non-staggered meal condition (114.0±3.6 vs. 
76.0±6.4 min; P<0.0001). The end point value (120 min) did not differ between 
the staggered and non-staggered meal condition (Figure 1B). 
 
Ghrelin 
Plasma ghrelin concentrations changed over time (P<0.0001). Moreover, there 
was a time by condition interaction (P<0.0001) when comparing the ghrelin con-
centrations of the corresponding time points in the staggered and non-staggered 
meal condition. 
The nadir value for ghrelin did not differ between the staggered vs. non-
staggered meal condition (45.0±2.8 vs. 43.0±2.2 ng/L; P>0.1). The time to nadir 
value was higher in the staggered vs. non-staggered meal condition (116.0±4.7 
vs. 80.0±6.3 min; P<0.0001). The end point value (120 min) was lower in the 
staggered vs. non-staggered meal condition (P=0.04, Figure 1C). 
In the staggered meal condition a peak value was reached following consump-
tion of the first course (15 min). Furthermore, significant decreases in ghrelin 
concentrations were consistently measured 10-20 min following the consumption 
of a meal course.  
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Figure 1 A-C. Plasma GLP-1 (A), PYY3-36 (B), and ghrelin (C) concentrations in participants who 
consumed staggered and non-staggered meals. Values are mean±SEM, n=38. *The two consecutive 
time points differ, P<0.03; #different from Staggered at that time, P<0.04. Arrows indicate the start of 
meal consumption. 
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Appetite profile 
Baseline VAS scores for hunger, !desire to eat", satiety, fullness, and thirst (-5 
min, before meal consumption) did not differ between the staggered and non-
staggered meal condition. As VAS appetite scores for hunger and !desire to eat" 
and for satiety and fullness did not differ, only the VAS scores for hunger and 
satiety will be presented (Figure 2 A-B).  
There was a main effect of time (P<0.0001), and a time by condition interaction 
(P<0.0001) for hunger and satiety scores, when comparing the scores of the 
corresponding time points in the staggered and non-staggered meal condition. 
For thirst there was only a main effect of time (P<0.0001). 
The nadir value for VAS hunger scores was higher in the staggered vs. non-
staggered meal condition (8.8±1.5 vs. 3.4±0.7 mmVAS; P<0.0001). The time to 
nadir value was higher in the staggered vs. non-staggered meal condition 
(154.0±3.4 vs. 84.5±3.5 min; P<0.0001). The end point value (150 min, before 
ad lib consumption) was lower in the staggered vs. non-staggered meal 
condition (P<0.01, Figure 2A). 
The peak value for VAS satiety scores was lower in the staggered vs. non-
staggered meal condition (87.0±1.9 vs. 91.0±1.6 mmVAS; P<0.02). The time to 
peak value was higher in the staggered vs. non-staggered meal condition 
(159.0±3.5 vs. 80.0±4.2 min; P<0.0001). The end point value (150 min, before 
ad lib consumption) was higher in the staggered vs. non-staggered meal 
condition (P<0.001, Figure 2B). 
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Figure 2 A-B. Visual analogue scale ratings for hunger (A) and satiety (B) in participants who 
consumed staggered and non-staggered meals. Values are mean±SEM, n=38. *The two consecutive 
time points differ, P<0.05; #different from Staggered at that time, #P<0.02. Arrows indicate the start 
of meal consumption. 
 
!Liking" and !wanting" computer test 
There was a main effect of time for !liking" between categories, for all the catego-
ries (P<0.0001), except for snacks. There were no time by condition interactions.  
Consumption of the four-course meal decreased ranking of !liking" of bread, 
filling, and dessert, and increased ranking of !liking" of placebo (stationery) and 
drinks (P<0.0001). 
For average food !wanting" (!wanting" for food items from all the five food catego-
ries taken together) there was a main effect of time (P<0.0001), but there was no 
time by condition interaction. Consumption of the four-course meal decreased 
average food !wanting" (P<0.0001). Paired Student"s t-tests revealed a lower 
average food !wanting" after consumption of the complete meal (scores 5.2±0.9 
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vs. 7.6±1.2; P<0.01) as well as after the subsequent ad libitum consumption 
(scores 3.7±0.8 vs. 5.1±0.8; P<0.02) in the staggered vs. non-staggered meal 
condition.  
For !wanting" per category there was a main effect of time (P<0.0001) for all the 
categories, except for placebo (stationery). There were no time by condition 
interactions. Consumption of the four-course meal decreased !wanting" for bread, 
filling, drinks, dessert, and snacks (P<0.0001). Paired Student"s t-tests revealed 
a lower !wanting" for bread, filling, and snacks after consumption of the complete 
meal (P<0.04), as well as a lower !wanting" for snacks after the subsequent ad 
libitum consumption (P=0.01), in the staggered vs. non-staggered meal condi-
tion.  
 
Ad libitum energy intake   
There was no effect of staggered vs. non-staggered meal consumption on total 
energy intake during the subsequent ad libitum consumption of sweet and sa-
vory food items (p>0.3). Although not significant, the energy intake was 10 % 
lower in the staggered vs. non-staggered meal condition. Participants consumed 
90.0±14.0 g or 1.7±0.3 MJ in the staggered meal condition and 100.0±11.0 g or 
1.9±0.2 MJ in the non-staggered meal condition. There was also no conditional 
effect on the ad libitum amount of proteins, carbohydrates, and fats consumed 
(P>0.08).  
 
Simple linear regression analyses 
As GLP-1 concentrations and satiety ratings were larger and ghrelin concentra-
tions and hunger ratings were smaller in the staggered vs. non-staggered meal 
condition at the end of consumption of the four-course meal, we hypothesized 
that this might have contributed to the lower food !wanting" following the four-
course meal. However, in both the staggered and non-staggered meal condition 
simple linear regression models showed no relationships between food !wanting" 
following the four-course meal and GLP-1 concentrations (P>0.4, R2<0.02), 
ghrelin concentrations (P>0.5, R2<0.01), satiety ratings (P>0.1, R2<0.07), and 
hunger ratings (P>0.06, R2<0.1) at the end of consumption of the four-course 
meal.  
In both the staggered and non-staggered meal condition there was a positive 
relationship between the ad libitum energy intake and hunger ratings prior to the 
ad libitum food intake (P<0.01, R2>0.2), and a negative relationship between the 
ad libitum energy intake and satiety ratings prior to the ad libitum food intake 
(P<0.04, R2>0.1). Correlation analyses of the ad libitum energy intake vs. 
!wanting" for dessert/snacks prior to the ad libitum food intake showed that only 
in the non-staggered meal condition there was a weak positive relationship 
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between energy intake and !wanting" for snacks prior to the ad libitum food intake 
(P=0.03, R2=0.1). 
 
Discussion  
The objective of our study was to assess whether stimulated food intake through 
the social context of eating out is facilitated by a slower appearance of satiation 
signals, or whether it takes place despite greater appetite control by possibly 
more sustained satiety signals. Therefore, in a laboratory setting, thus excluding 
the environmental factors of eating out, it was determined whether consumption 
of a four-course lunch spread over two hours, with three within-meal pauses 
(staggered), facilitates or controls food intake by affecting hormone (GLP-1, 
PYY3-36, and ghrelin concentrations) and appetite dynamics, and food reward, 
i.e. !liking" and !wanting", compared with consumption of the same four-course 
meal in half-an-hour, without within-meal pauses (non-staggered). We hypothe-
sized that the release of GLP-1, PYY3-36, and ghrelin would be less pronounced 
and steadier in the condition of staggered meal consumption compared with the 
condition of non-staggered meal consumption, thereby sustaining the appetite 
profile and controlling food intake more, thus decreasing subsequent food 
!wanting" and energy intake. 
Following this hypothesis, the GLP-1, PYY3-36, and ghrelin concentrations and 
the appetite profile ratings changed more steadily in the staggered vs. non-
staggered meal condition. Hormone concentrations and appetite ratings showed 
comparable dynamics, in both the staggered as well as the non-staggered meal 
condition. Non-staggered meal consumption induced a rapid increase, reaching 
a peak value, in GLP-1 and PYY3-36 concentrations as well as in satiety ratings, 
and a rapid decrease, reaching a nadir value, in ghrelin concentrations as well 
as in hunger ratings. Staggered meal consumption induced a gradual increase in 
GLP-1 and PYY3-36 concentrations and in satiety ratings, and a gradual decrease 
in ghrelin concentrations and hunger ratings.  
While !liking" was not affected by the different meal patterns, !wanting" was 
affected by the different meal patterns: food !wanting" was lower following the 
four-course meal and prior to the ad libitum consumption of sweet and savory 
food items, in the staggered vs. non-staggered meal condition.  
Regardless of the differences between the staggered and non-staggered meal 
condition concerning hormone and appetite dynamics and food !wanting", energy 
intake during the ad libitum consumption of sweet and savory food items did not 
differ between both meal patterns. The energy intake was 10 % lower in 
staggered vs. non-staggered meal condition, however this difference was not 
significant. 
Concerning the hormone dynamics, Solomon et al. (15) showed a prolonged 
elevation of ghrelin concentrations in the high-frequency meal condition, which is 
in accordance with our findings. The time to nadir value was higher in the 
staggered vs. non-staggered meal condition. This may be explained by the 
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findings described by Callahan et al. (30), showing that the larger the caloric 
intake, the larger the suppression of ghrelin. Eating a large meal in half-an-hour 
induces a rapid decline in ghrelin concentrations, while eating the same meal 
spread over two hours induces a more gradual decline in ghrelin concentrations 
and an increase in time to reach the nadir value. In the staggered meal condition 
we detected an increase in ghrelin concentrations following consumption of the 
first course, which still may be an extension of the fasting ghrelin pre-meal peak.  
Kokkinos et al. (16) showed an overall larger PYY and GLP-1 response following 
the 30-min meal condition compared with the five-min meal condition, which is in 
contrast with our findings. Though, in accordance with the study by Kokkinos et 
al. (16), we detected a higher GLP-1 endpoint value in the staggered meal con-
dition.  
A limitation of the present study was that blood samples were collected for a too 
short period of time, preventing the measurement of hormone concentrations 
when they returned back to baseline values. Because of medical ethical reasons 
we were limited in the amount of blood to collect.  
Regarding appetite ratings, Kokkinos et al. (16) detected no conditional 
differences for hunger and fullness ratings, while Speechly et al. (20, 21) showed 
that participants felt more hungry in the single-meal vs. multi-meal condition prior 
to the ad libitum test meal, which is in accordance with our findings. Staggered 
meal consumption, compared with non-staggered meal consumption, may be 
more beneficial regarding appetite feelings as it induces greater control of 
hunger and satiety. 
To our knowledge no previous study has shown the effect of meal duration on 
food reward, i.e. !liking" and !wanting". We hypothesized that the larger GLP-1 
concentrations and satiety ratings and the smaller ghrelin concentrations and 
hunger ratings, in the staggered vs. non-staggered meal condition, at the end of 
consumption of the four-course meal, might have contributed to the lower food 
!wanting" following the four-course meal. However, simple linear regression 
models showed in both the staggered and non-staggered meal condition neither 
relation between !wanting" scores and GLP-1/ghrelin levels nor between 
!wanting" scores and satiety/hunger levels. Thus, food !wanting" following a four-
course lunch, i.e. eating beyond energy homeostasis, is not determined by 
physiological signals. Obviously, in the presence of palatable foods, the food 
reward system may have overruled and promoted food !wanting" and food intake, 
similar to previous reports (9, 31).    
As regards the ad libitum energy intake, which did not differ significantly in the 
staggered vs. non-staggered meal condition, our results are in contrast with the 
results of Speechly et al. (20, 21). However, in the studies by Speechly et al. (20, 
21) the single pre-load meal was followed by a five hour fast, which to our 
opinion might have been too long and might be the cause of detection of 
differences in energy intake between both feeding regimens.  
Regression analysis showed that the ad libitum energy intake was mainly deter-
mined by feelings of hunger and satiety. We suggest that energy intake is very 
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much due to habit, and that the detected conditional differences in hunger (40 %) 
and satiety (20 %) in the present study were too small to exert an effect on sub-
sequent energy intake. Veldhorst et al. (32) remarked that satiety ratings have to 
increase considerably, !40 %, to induce significant effects on energy intake. 
Several studies have shown a suppressive effect of a preload on appetite 
ratings, whereas there was no effect on subsequent ad libitum energy intake (33-
37). Moreover, large standard deviations suggest that participant characteristics 
might have influenced the detection of a possible significant difference in energy 
intake between both meal patterns.  
Although the difference in ad libitum energy intake was small and non-significant, 
10 % could add up over time to produce long-term reductions in energy intake.  
Overall the results imply that in a laboratory setting, staggered meal consump-
tion facilitates greater appetite control. In a restaurant setting however, 
staggered meal consumption and increased meal duration often result in a larger 
food intake (4).  From our results we now hypothesize that the larger food intake 
in a restaurant setting is not due to physiological factors such as the dynamics of 
hunger and satiety and of related hormones, but rather due to external factors 
such as the availability of palatable high caloric foods, the atmosphere, the 
presence of other people, or distraction (5-8). In order to assess the role of 
environmental factors, it would be of interest to repeat the study in a restaurant 
setting, where besides timing also the factor of social setting and distraction can 
influence food reward and subsequent energy intake. 
In conclusion, in a laboratory setting staggered vs. non-staggered meal con-
sumption induces greater appetite control, indicated by less pronounced hor-
mone and appetite dynamics and more control over subsequent food !wanting", 
yet does not affect postprandial energy intake. Thus, the stimulated food intake 
in a restaurant setting with staggered meal consumption may take place despite 
greater appetite control.  
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Online Supporting Material 
 
Supplemental Table 1. The nutritional information of foods as consumed on the test days. 
  Energy Protein Carbohydrate Fat 
  kJ/100g ------------------g/100g---------------- 
 Breakfast drink  300 70.0 3.0 11.7 
Course 1 Iceberg lettuce 42 0.9 1.2 0.0 
 Mozarella 998 18.0 1.5 18.0 
 Tomato 58 0.9 1.9 0.0 
 Croutons 2370 7.0 49.0 40.0 
 Dressing 950 0.6 9.6 21.0 
 White bread 1140 9.7 51.3 2.9 
Course 2 Macaroni bolognese 396 3.5 15.4 1.9 
Course 3 Vegetable lasagna 501 4.8 12.8 5.5 
Course 4 Raspberry pudding 520 3.2 20.3 2.5 
Dutch syrup waffles 1860 3.2 62.2 20.3 
Banana-chew candy 1540 2.5 88.0 0.0 
Foods 
consumed 
ad libitum 
Chocolate-coated marshmallow 
treats 
1850 2.0 57.0 22.0 
 Apple cake 1710 3.4 45.9 18.1 
 Peanuts 2210 15.0 41.0 34.0 
 Potato crisps 2240 6.3 53.0 33.1 
 Salty sticks 1940 15.0 62.0 16.0 
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Chapter 6 
Stress augments food 'wanting' and 
energy intake in visceral overweight 
subjects in the absence of hunger 
 
Lemmens SG, Rutters F, Born JM, Westerterp-Plantenga MS  
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Abstract 
Stress may induce eating in the absence of hunger, possibly involving changes 
in food reward, i.e. !liking" and !wanting".  
The objective of this study was to assess the effects of acute psychological 
stress on food reward, and on energy intake, in visceral overweight (VO) vs. 
normal weight (NW) subjects.  
Subjects (27 NW, age=26±9 y, BMI=22±2 kg/m2; 15 VO, age=36±12 y, 
BMI=28±1 kg/m2) came to the university twice, fasted, for either a rest or stress 
condition (randomized cross-over design). Per test session !liking" and !wanting" 
for 72 items divided in six categories (bread, filling, drinks, dessert, snacks, 
stationery (control)) were measured twice, each time followed by a wanted meal. 
Appetite profile (visual analogue scales, VAS), heart rate, mood state and level 
of anxiety (POMS/STAI questionnaires) were measured.  
High hunger and low satiety (64±19, 22±20 mmVAS) confirmed the fasted state. 
Elevated heart rate, anger and confusion scores (p%0.03) confirmed the stress 
vs. rest condition. Consumption of the first meal decreased hunger, increased 
satiety, and decreased ranking of !liking" of bread vs. increased ranking of !liking" 
of the control (p<0.001). !Wanting" for dessert and snacks, energy intake, carbo-
hydrate and fat intake for the second meal stress vs. rest relatively increased in 
VO vs. decreased in NW (p<0.02). During stress vs. rest VO showed a 6±9 % 
increase in percentage of daily energy requirements consumed over the two 
meals (p=0.01).  
To conclude, visceral overweight subjects showed stress-induced food intake in 
the absence of hunger, resulting in an increased energy intake.  
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Introduction 
The current epidemic of overweight and obesity results from a positive energy 
balance, with energy intake exceeding energy expenditure (1). It has been 
shown that physical activity energy expenditure in Europe and North America did 
not decrease between the 1980s and 2005, a period during which obesity rates 
increased (2). This suggests that the recent rise in obesity may not result from a 
lowered physical activity, but rather from an increased energy intake. 
The regulation of food intake and energy homeostasis involves !hunger" and 
!satiety" signals produced in the hypothalamus as well as in peripheral organs 
(3). Besides those !hunger" and !satiety" signals, factors such as food reward, 
environmental cues, and cognitive factors, processed in cortico-limbic structures 
(e.g. prefrontal cortex, amygdala, and ventral striatum) are involved in the regu-
lation of food intake and energy homeostasis (4). Both pathways (hypothalamic 
and cortico-limbic) interact in the neuro-regulatory control of feeding (4-6). In 
some situations, e.g. stress or the abundance of palatable foods, the food 
reward system may overrule and promote excessive food intake and conse-
quently in the long-term a positive energy balance (3, 7). According to the 
incentive salience theory, it is hypothesized that the process of reward consists 
of two components controlled by different brain mechanisms, i.e. !liking" and 
!wanting" (8). !Liking", under control of opioids, is the hedonic or affective compo-
nent and refers to the pleasure derived from oro-sensory stimulation of food (9, 
10). !Wanting", under control of dopamine, is the motivational incentive compo-
nent and refers to craving or the motivation to obtain food (5, 8-11).  
Recent human studies have shown a possible relationship between stress and 
the increased prevalence of obesity (15-19). It appears that psychosocial stress 
is associated with greater weight gain among subjects who are overweight or 
obese, but less among subjects who are normal weight or underweight (7, 20, 
21). The food choice in stress is often shifted towards sweet and fat foods, 
possibly because they are perceived as highly rewarding (22-24). Rutters et al. 
(25) showed that acute psychological stress can lead to eating in the absence of 
hunger, which can be described as eating beyond energy homeostasis, possibly 
involving the food reward system (26). Evidence for the involvement of the 
reward system in stress-induced eating can be found in both rodent and human 
studies (27-34). The fMRI study by Born et al. (35) assessing the effects of acute 
stress on food choice and food choice reward related brain activity in normal 
weight women, showed a lower activation in the amygdala, hippocampus and 
cingulate cortex and an increased energy intake in the stress condition com-
pared with the rest condition postprandially. It seems that stress decreases the 
sensitivity of the reward system to food cues, which was reflected in a decreased 
activation of food reward associated brain areas. It is likely that there is a rela-
tionship, though still complex, between stress, reward and eating behavior.  
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The aim of our study was to assess in visceral overweight vs. normal weight 
subjects the effects of acute psychological stress on the rewarding value of food, 
in terms of !liking" and !wanting", and on food intake in a fasted as well as 
satiated state. A computer test, which was developed and validated in a previous 
study, was used to measure !liking" and !wanting": !liking" was defined as the 
relative preference of two food items, and !wanting" as the motivation to obtain 
food items by working (playing memory games) to earn items to choose from 
(36). Regarding this !wanting" part of the computer test, the more pairs of items 
were found in the memory game, representing the motivation to obtain items, the 
more items were offered to choose from afterwards.  
We hypothesized that in the fasted state food reward and food intake would not 
differ between the rest and stress condition and between normal weight and 
visceral overweight subjects, as in the fasted state the homeostatic control 
system may dominate. In the satiated state, however, we hypothesized that 
under the influence of acute stress the reward system may overrule the homeo-
static control system in visceral overweight subjects compared with normal 
weight subjects, leading to an increased food intake. Acute stress may diminish 
food reward, inducing an increased intake of high caloric foods to compensate 
for the reward deficiency (35). Visceral overweight subjects, compared with 
normal weight subjects, might be more vulnerable to stress-induced eating and 
consequently the development of obesity (20, 37, 38).  
 
Material and methods  
Subjects 
Forty-two healthy Caucasian subjects (16 men and 26 women; age 29±11 y 
(mean±SD, range 19-55 y)) with a BMI of 24.5±3.4 kg/m2 (mean±SD, range 
18.9-30.5 kg/m2) participated in this study. They were recruited by advertise-
ments in local newspapers and on notice boards at the university. Subjects un-
derwent an initial screening including measurement of body weight, height, waist 
circumference and hip circumference, and completion of a questionnaire related 
to health, and use of medication. Inclusion criteria comprised BMI 19-30 kg/m2, 
both genders, and no use of medication (except contraception). Regarding 
overweight subjects only visceral overweight subjects were included, as chronic 
stress has been associated with visceral fat accumulation and obesity (15, 39, 
40). Visceral overweight was defined as having a waist circumference of $ 80 cm 
in women and $ 94 cm in men (41). 
Eating behavior was analyzed using a validated Dutch translation of the Three 
Factor Eating Questionnaire (TFEQ) which measures three components: !cogni-
tive restraint of eating", !disinhibition of restraint", and !hunger" (12). Subjects 
were divided into two groups according to their BMI: a normal weight (NW) group 
(n=27) and a visceral overweight (VO) group (n=15).  
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This study was conducted according to the guidelines laid down in the 
Declaration of Helsinki and was approved by the Medical Ethical Committee of 
the Maastricht University. All subjects gave written informed consent. Subjects 
received a monetary compensation after completion of the two test days. 
 
Study design 
The study was conducted in a randomized cross-over design. All subjects came 
to the university twice in a fasted state between 08:00 and 09:00 AM, once for a 
stress test session and once for a rest (control) test session.  
Figure 1 gives a schematic overview of the study design per test session. After 
arrival at the university, subjects were seated in the laboratory and remained 
seated throughout the whole experiment (230 min). A mathematical test was 
used to create the stress vs. rest condition in subjects (25, 35, 42). The mathe-
matical test has been described and validated before by Peters et al. (42) and 
Rutters et al. (25). In a previous study by Born et al., we measured cortisol con-
centrations with the same mathematical test, showing that cortisol concentra-
tions were increased in the stress condition (&AUC= +2.2 x104 nmol/min.l, 
p<0.05) (35). 
Two versions of the math test were used: an unsolvable stress version combined 
with irritating music and background noises and a solvable control version 
without music and background noises. Subjects were given the math test before 
completing the computer test (36), developed to measure !liking" and !wanting", 
which was followed by a wanted meal. After this first meal, subjects completed 
the math test and the !liking" and !wanting" computer test again, followed by a 
second meal. Both the first and the second meal were composed by the subjects 
themselves by means of the !wanting" part of the computer test.  
The tests were completed pre- and post-meal to be able to measure effects of 
stress on food choice and food intake in hunger as well as in the absence of 
hunger. During the rest test session subjects completed twice the control (rest) 
version of the math test, and during the stress test session they completed twice 
the stress version of the math test. 
To investigate whether the stress condition inflicted psychological or 
physiological changes, we used Profile Of Mood State (POMS) and State Trait 
Anxiety Inventory (STAI) questionnaires as well as heart rate measurements. 
One hundred unit visual analogue scales (VAS; in mm) were used to assess the 
appetite profile. Questionnaires were collected five times per test session. Heart 
rate (b.p.m.) was measured every five seconds during the whole test session by 
means of a Polar RS400 heart rate monitor.  
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Figure 1. Schematic overview of the study design per test session. Numbers in brackets represent the 
time points (in min) at which data was collected or tasks were completed. 
 
Questionnaires 
One hundred unit VAS (mm) were used to assess the appetite profile. The 
scales were anchored with !not at all" at one end and !extremely" at the other 
end, and combined with questions on feelings of hunger, thirst, fullness, satiety 
and desire to eat.  
Mood states were assessed using a modified version of the Dutch translation of 
the POMS (43). This questionnaire contains 35 adjectives that are rated on a 
five-point scale and is divided into five subscales (depression, tension, 
confusion, fatigue, and anger). The Dutch translation of the state scale of the 
STAI questionnaire was used to measure state anxiety (44). Subjects had to rate 
20 statements on how they felt at that moment on a four-point scale. An increase 
in POMS and STAI scores is associated with a worsening in mood.  
The VAS, POMS and STAI questionnaires were completed five times throughout 
the test sessions at 0, 30, 90, 150 and 210 min (Figure 1).  
 
!Liking" and !wanting" computer test 
The computer test described and validated by Lemmens et al. (36) was used to 
measure the rewarding value, i.e. !liking" and !wanting", for 72 items divided in six 
categories: bread, filling, drinks, dessert, snacks, and stationery (non-food alter-
native as control). Those five food categories were chosen as they gave the 
subjects the opportunity to compose a full meal according to their wishes. A 
usual Dutch breakfast/lunch consists of bread, filling and drinks. Above this, 
dessert and sweets can be added. Each category contained 12 items. The 72 
items were presented as photographic stimuli on a computer screen (13-inch 
Mac Book, Apple, Cupertino, USA). 
The computer test contained two parts, a !liking" and a !wanting" part. Both the 
!liking" and !wanting" tasks assessed !liking" respectively !wanting" for the same 
food and stationery items. During the !liking" part, subjects had to indicate their 
relative preference of paired items within and between the six categories. Each 
choice had to be made within four seconds via a mouse click on the preferred 
item, which triggered the next pair of items. First, all possible pairs of combina-
tions within each category were presented (N=6'66). The pairs of items were 
presented in random order, while the categories were presented in the following 
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order: bread, filling, drinks, dessert, sweets and stationery. This resulted in a 
relative ranking of !liking" of the items per category (score range 0-605). Next, the 
items from the different categories with the corresponding ranking of !liking" were 
presented in pairs, in random order (N=12'15). This resulted in a relative 
ranking of !liking" of the categories (score range 0-125). 
During the !wanting" part, subjects had to work to earn items by playing memory 
games. For each category of items subjects played a five by five memory game 
(12 pairs of items). Per memory game the shuffled pairs of items were first pre-
sented for 10 seconds, giving the subjects the opportunity to locate and 
remember the pairs of matching items. Next the items were turned over and the 
subjects could start finding the matching pairs by clicking on them using the 
computer mouse. Matched pairs remained on the screen, while nonmatched 
pairs were turned over again. Subjects had two min to solve the memory game. 
Each memory game was followed by the indication of the items subjects wanted 
to acquire at that moment. The more pairs of items were found in the memory 
game, the more randomly selected items were offered to choose from after-
wards, e.g. if eight pairs of items would be found in the memory game of the 
snacks category, then eight randomly selected snacks would be offered to 
choose from. Subjects could choose zero, one or two items per category. They 
were instructed to choose the items while keeping in mind that all the chosen 
items would be offered to them and had to be eaten completely. To proceed to 
the next category subjects had to find at least two pairs of items per memory 
game. The categories were presented in the following order: bread, filling, drinks, 
dessert, sweets and stationery. From the drinks category onwards, subjects 
could press a stop-button to stop the !wanting" part of the computer test, 
indicating that they would not want to work for and earn any other items. The 
chosen items obtained a score equal to the number of pairs of items found in the 
memory game, representing the motivation or workload for the chosen items 
(score range 2–12). Items not chosen obtained a score of zero. Per category the 
sum of the scores of the items was calculated and represented the !wanting" 
score for each category. A minimum score of zero and a maximum score of 24 
was obtained per category. 
All the chosen items were offered to the subjects in a fixed amount, which was 
described to the subjects beforehand, and food items were eaten completely. 
Total energy content and macronutrient composition of the consumed meals 
were calculated. 
 
Statistics 
Data were analyzed using StatView 5.0 (SAS Institute Inc., Cary, NC, USA). 
Factorial ANOVA with repeated measures was used to study the effects between 
subject groups (visceral overweight vs. normal weight) of the conditions of stress 
vs. rest, and of time, on questionnaire data, on food reward, i.e. !liking" and 
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!wanting", and on energy intake. Paired and unpaired Student"s t-tests were used 
as Post hoc analyses for significant interactions. 
The Wilcoxon signed-rank test was used to detect differences in the ranking of 
!liking" of items within each category from the first to the second computer test. 
Areas under the curve (AUC) for questionnaire data were calculated using the 
trapezoid method. All tests were two-sided and differences were considered 
significant at p<0.05. Values are expressed as mean ± standard error of the 
mean (SEM), unless stated otherwise.  
 
Results 
Subject characteristics 
The characteristics of the subjects are summarized in Table 1. Visceral over-
weight subjects were older than normal weight subjects (p<0.01), however 
simple linear regression models (age as independent variable and relevant pa-
rameters, such as !liking", !wanting" and energy intake, as dependent variable) 
and ANOVA analyses (age as covariate) showed that this did not influence the 
results (p>0.05). Visceral overweight subjects had a higher body weight, BMI, 
and waist/hip ratio than normal weight subjects (p<0.0001). Eating behavior, in 
terms of the three factors of the TFEQ (dietary restraint, disinhibition and feeling 
of hunger), did not differ between normal weight and visceral overweight sub-
jects.  
There were no gender effects for the different parameters of questionnaire data, 
!liking", !wanting", and energy intake (3-factor ANOVA repeated measures gender 
x group x condition x time). 
 
Table 1. Characteristics of normal weight (NW) and visceral overweight (VO) subjects.  
 NW 
(n=27; 8m/19f) 
VO 
(n=15; 8m/7f) 
pa 
Age (y) 25.6±8.9 35.7±11.7 <.01 
Height (cm) 173.9±8.1 174.8±7.7 0.7 
Body weight (kg) 67.6±7.9 86.8±6.7 <.0001 
BMI (kg/m2) 22.4±1.9 28.4±1.4 <.0001 
Waist circumference (cm) 73.6±7.1 91.5±6.2 <.0001 
Hip circumference (cm) 98.6±4.3 109.6±4.6 <.0001 
Dietary restraint score 7.9±4.8 6.3±4.7 0.3 
Disinhibition score 4.7±2.1 4.9±2.1 0.7 
Feeling of hunger score 4.6±2.6 3.8±3.2 0.3 
Values are means±SD; ap-value: differences between NW and VO subjects (Unpaired Student"s t-
tests) 
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Appetite profile 
The fasted state was confirmed on both test days by low satiety and fullness 
scores (22.5±3.0; 19.3±2.7 mmVAS), and high hunger, !desire to eat" and thirst 
scores (63.6±2.9; 65.0±3.1; 65.5±3.1 mmVAS). Consumption of the first meal 
resulted in an increase in satiety and fullness scores ((=57.1±3.8; 51.2±4.0 
mmVAS, p<0.001, Paired Student"s t-tests), and a decrease in hunger, !desire to 
eat" and thirst scores ((=54.2±3.6; 54.6±3.6; 37.7±4.5 mmVAS, p<0.001, Paired 
Student"s t-tests), on both test days. These results confirmed that subjects were 
in a satiated state when they completed the second part of the test session. 
There were no differences in appetite profile measures between normal weight 
and visceral overweight subjects and between the stress and rest condition (2-
factor ANOVA repeated measures group x condition x time).  
 
Stress parameters 
The POMS questionnaire indicated increased scores for the subscales 
!confusion" ((AUC=130.7, p=0.02, t=2.4, df=41, Paired Student"s t-test) and 
!anger" ((AUC=140.0, p=0.03, t=2.2, df=41, Paired Student"s t-test) in the stress 
vs. rest test condition. Moreover, after the first mathematical test, increased 
scores for the subscales !depression" (16.9±0.7 vs. 15.7±0.6, p=0.01, t=2.7, 
df=41, Paired Student"s t-test) and !anxiety" (15.7±0.8 vs. 13.3±0.7, p<0.0001, 
t=4.6, df=41, Paired Student"s t-test) were detected in the stress vs. rest 
condition. After the second mathematical test, increased scores for the subscale 
!confusion" (15.9±0.6 vs.15.1±0.7, p<0.04, t=2.1, df=41, Paired Student"s t-test) 
were detected in the stress vs. rest condition. The state anxiety scores (STAI), 
immediately after the first mathematical test, were higher in the stress condition 
compared with the rest condition (34.7±1.4 vs. 32.0±1.3, p<0.01, t=3.2, df=41, 
Paired Student"s t-test). These results of the POMS and STAI questionnaires 
confirmed that the stress version of the math test inflicted psychological 
changes.  
The average heart rate was increased in the stress vs. rest test condition 
(72.1±1.4 vs. 70.4±1.3 b.p.m.; p=0.03, t=2.3, df=38, Paired Student"s t-test). The 
minimum heart rate value reached was higher in the stress vs. rest test condition 
(56.7±1.4 vs. 55.1±1.3 b.p.m.; p=0.04, t=3.2, df=38, Paired Student"s t-test). The 
maximum heart rate value reached did not differ in the stress vs. rest test condi-
tion (103.6±2.1 vs. 104.8±3.4 b.p.m.; p=0.7, t=-0.4, df=37, Paired Student"s t-
test).  
There were no differences in heart rate values, POMS and STAI scores between 
normal weight and visceral overweight subjects (Factorial ANOVA). 
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!Liking" and !wanting" computer test 
Regarding the results of the computer test for relative !liking" between categories, 
there was an overall effect of time (p<0.0001; 2-factor ANOVA repeated 
measures group x condition x time, per category): consumption of the first meal 
induced a shift in the ranking of !liking" of the six categories, thereby decreasing 
the bread category (p<0.0001, F=30.5, df=1) vs. increasing the stationery 
(control) category (p<0.0001, F=35.3, df=1). There was no effect of group 
(visceral overweight vs. normal weight) or condition (stress vs. rest) on !liking" 
between categories (p>0.4). The ranking of !liking" of the items within each cate-
gory did not change significantly (p>0.1, Wilcoxon signed-rank test) in both 
subject groups and in both conditions. 
Regarding mean !wanting" for food items from all the five food categories taken 
together, there was an overall effect of time (p<0.0001, F=52.6, df=1, 2-factor 
ANOVA repeated measures group x condition x time): mean food !wanting" 
decreased from the first to the second meal (Figure 2). Mean food !wanting" for 
the second meal, stress vs. rest, shifted differently between visceral overweight 
subjects (relatively higher) and normal weight subjects (relatively lower; p<0.02, 
F=6.4, df=1, ANOVA repeated measures group x condition). In visceral over-
weight subjects mean food !wanting" for the second meal was higher in the 
stress vs. rest condition (p=0.04, t=2.2, df=14, Paired Student"s t-test; Figure 2).  
 
 
Figure 2. Mean food !wanting" score (mean±SEM) for items from all the five food categories taken 
together, for the first and second meal, in normal weight (NW) and visceral overweight (VO) subjects, 
in the rest and stress condition. *p<0.05  
 
Regarding the results of the computer test for !wanting" per category, there was 
an overall effect of time (2-factor ANOVA repeated measures group x condition x 
time) for !wanting" for bread (p<0.0001, F=52.5, df=1), filling (p<0.0001, F=37.1, 
df=1), and drinks (p<0.0001, F=40.2, df=1), which decreased after the first meal 
(Figure 3). There was a group x condition x time interaction for !wanting" for 
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dessert (p<0.03, F=5.0, df=1) and snacks (p<0.01, F=7.3, df=1). !Wanting" for 
dessert and snacks for the second meal, stress vs. rest, shifted differently 
between visceral overweight subjects (relatively higher) and normal weight 
subjects (relatively lower; !wanting" for dessert: p<0.02, F=6.1, df=1; !wanting" for 
snacks: p<0.001, F=15.9, df=1; ANOVA repeated measures group x condition). 
In visceral overweight subjects !wanting" for dessert and snacks for the second 
meal was higher in the stress vs. rest condition (dessert: p<0.03, t=2.5, df=14; 
snacks: p<0.01, t=3.7, df=14; Paired Student"s t-tests; Figure 3). During stress, 
!wanting" for snacks for the second meal was larger in visceral overweight 
subjects compared with normal weight subjects (p<0.01, F=7.5, df=1, Factorial 
ANOVA; Figure 3).  
 
 
Figure 3. !Wanting" score (mean±SEM) per category for the first and second meal in normal weight 
(NW; upper part) and visceral overweight (VO; lower part) subjects, in the rest and stress condition. 
*p<0.05, #p<0.01 for differences between NW and VO (factorial ANOVA)  
 
Energy and macronutrient intake 
Regarding energy intake there was an overall effect of time (p<0.0001, F=54.7, 
df=1, 2-factor ANOVA repeated measures group x condition x time): energy 
intake decreased from the first to the second meal in normal weight subjects in 
the rest condition (p<0.01, t=3.5, df=26, Paired Student"s t-test) and in the stress 
condition (p<0.001, t=4.4, df=26, Paired Student"s t-test) and in visceral over-
weight subjects in the rest condition (p<0.0001, t=5.4, df=14, Paired Student"s t-
test) but not in the stress condition (p=0.12, t=1.7, df=14, Paired Student"s t-test; 
Figure 4).  
There was a group x condition x time interaction for energy intake (p=0.01, 
F=6.8, df=14). The energy intake for the second meal, stress vs. rest, shifted 
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differently between visceral overweight subjects (relatively higher) and normal 
weight subjects (relatively lower; ANOVA repeated measures group x condition, 
p=0.001, F=12.0, df=1). In visceral overweight subjects the energy intake for the 
second meal was higher in the stress vs. rest condition (p=0.02, t=2.6, df=14, 
Paired Student"s t-test; Figure 4).  
There was a group x time interaction for the energy intake in the rest condition 
(p<0.001, F=14.4, df=1): the decrease in energy intake from the first to the 
second meal was larger in visceral overweight subjects compared with normal 
weight subjects. In visceral overweight subjects, compared with normal weight 
subjects, the energy intake for the first meal was larger during rest (p=0.01, 
F=7.0, df=1, Factorial ANOVA; Figure 4).  
 
 
Figure 4. Energy intake (MJ, mean±SEM) for the first and second meal in normal weight (NW) and 
visceral overweight (VO) subjects, in the rest and stress condition. *p<0.05 
 
When representing the total energy intake of the first and second meal together 
as percentage of the daily energy requirements (DER) consumed (normal 
weight, stress vs. rest: 44.6±3.7 % vs. 45.6±4.3 %; visceral overweight, stress 
vs. rest: 54.2±4.9 % vs. 47.7±5.0 %), a group x condition interaction was de-
tected (p=0.01, F=6.8, df=1): the percentage of DER consumed stress vs. rest 
shifted differently between visceral overweight subjects (relatively higher) and 
normal weight subjects (relatively lower). During stress vs. rest visceral over-
weight subjects showed an increase in percentage of DER consumed over the 
two meals by 6.5±2.3 % (p=0.01, t=2.8, df=14, Paired Student"s t-test). The DER 
were calculated by multiplying the basal metabolic rate (BMR) by the appropriate 
physical activity factor (1.5–1.8, derived from the screening questionnaire (45)). 
The BMR (kcal/day) was calculated according to the equation of Harris–Benedict 
(46).  
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Regarding protein, carbohydrate, and fat intake there was an overall effect of 
time (p<0.0001, 2-factor ANOVA repeated measures group x condition x time): 
protein intake decreased from the first to the second meal in both conditions and 
both subject groups (p<0.001, Paired Student"s t-tests), and carbohydrate and 
fat intake decreased from the first to the second meal in normal weight subjects 
in both conditions (p<0.001, Paired Student"s t-tests), and in visceral overweight 
subjects in the rest condition (p<0.001, Paired Student"s t-tests) but not in the 
stress condition (p>0.1, Paired Student"s t-test; Figure 5). There was a group x 
condition x time interaction for carbohydrate (p=0.01, F=6.9, df=1) and fat intake 
(p=0.02, F=5.3, df=1). The carbohydrate and fat intake for the second meal, 
stress vs. rest, shifted differently between visceral overweight subjects (relatively 
higher) and normal weight subjects (relatively lower; carbohydrate: p<0.01, 
F=8.7, df=1; fat: p<0.01, F=9.5, df=1; ANOVA repeated measures group x 
condition). In visceral overweight subjects the carbohydrate intake (p<0.03, 
t=2.4, df=14, Paired Student"s t-test) and fat intake (p=0.02, t=2.6, df=14, Paired 
Student"s t-test) was higher in the absence of hunger in the stress vs. rest 
condition (Figure 5).  
There was a group x time interaction for the protein intake (p=0.01, F=7.0, df=1), 
carbohydrate intake (p<0.01, F=12.3, df=1), and fat intake (p<0.001, F=13.9, 
df=1) in the rest condition: the decrease in protein, carbohydrate and fat intake 
from the first to the second meal was larger in visceral overweight subjects 
compared with normal weight subjects. In visceral overweight subjects, 
compared with normal weight subjects, the protein intake (p=0.04, F=4.5, df=1), 
carbohydrate intake (p<0.02, F=6.0, df=1), and fat intake (p<0.02, F=6.2, df=1) 
for the first meal was larger during rest (Factorial ANOVA; Figure 5).  
 
 
 
Figure 5. Protein (prot), carbohydrate (CHO) and fat intake (g, mean±SEM) for the first and second 
meal in normal weight (NW; left) and visceral overweight (VO; right) subjects, in the rest and stress 
condition. *p<0.05  
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Discussion  
The main objective of this study was to assess in visceral overweight vs. normal 
weight subjects the effects of acute psychological stress on the rewarding value 
of food, in terms of !liking" and !wanting", and on food intake in a fasted as well as 
satiated state. 
Appetite profile measurements confirmed that subjects were in a satiated state 
after the first meal, which made it possible to test the effects of acute stress on 
food choice and food intake in the absence of hunger. The acute psychological 
stress condition was confirmed by POMS and STAI questionnaires and heart 
rate.  
Ranking of !liking" of the used categories of items (bread, filling, drinks, dessert, 
snacks, stationery (control)) was not affected by the induced stress in both 
normal weight and visceral overweight subjects. Consumption of a meal induced 
an increased relative !liking" of the non-food alternative, i.e. the stationery cate-
gory, and a decreased relative !liking" of the bread category. While ranking of 
!liking" changed between categories, within each category there was no signifi-
cant change in ranking of !liking" of the items.  
Food !wanting" and energy intake differed clearly between normal weight and 
visceral overweight subjects and between the rest and stress condition. Normal 
weight subjects seemed not to be affected by the induced stress: in both condi-
tions, rest and stress, mean food !wanting" and energy intake decreased in the 
absence of hunger. Visceral overweight subjects on the other hand showed a 
higher mean food !wanting" and energy intake in the absence of hunger, in the 
stress vs. rest condition. Their mean food !wanting", !wanting" for dessert and 
snacks, and their energy intake, carbohydrate and fat intake was higher in the 
absence of hunger in the stress vs. rest condition. From prospective studies it 
appears that psychosocial stress is associated with greater weight gain among 
subjects who are overweight or obese, but less among subjects who are normal 
weight or underweight (20, 21). The latter subjects normally are not interested 
anymore in eating while stressed, whereas the visceral overweight subjects 
seem to eat to suppress stress (20, 21).  
!Wanting" for snacks in the absence of hunger and in the stress condition was 
higher in visceral overweight subjects compared with normal weight subjects. 
The snacks category contained highly palatable foods with a high 
fat/carbohydrate macronutrient content (36). Consumption of those !comfort 
foods" may be a way to cope with stress (24). However, the risk is that chronic 
stress combined with a high-fat, high-carbohydrate diet may lead to abdominal 
obesity (47). 
In the rest condition and fasted state visceral overweight subjects consumed 
more energy than normal weight subjects. When representing the total energy 
intake over the two meals as percentage of DER consumed, there was no 
difference between normal weight and visceral overweight subjects in the rest 
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condition. However, in the stress condition visceral overweight subjects seemed 
to lose control over their energy intake and consequently increased their energy 
intake in the absence of hunger. During stress vs. rest, visceral overweight 
subjects increased the percentage of DER consumed over the two meals by 6±9 
%, in contrast to normal weight subjects. As we hypothesized, in a !normal" 
situation without stress the homeostatic control system may dominate the control 
of feeding to maintain energy balance. However, in a stressful situation the 
reward system may overrule the homeostatic control system in visceral over-
weight subjects compared with normal weight subjects, leading to an increased 
intake of energy dense and highly palatable foods (22, 23). 
The above described findings suggest that acute stress influences food !wanting" 
and eating in the absence of hunger when being viscerally overweight.  
Previous research has shown that food !liking" and !wanting" are independent 
processes regulated by different neurobiological systems (22, 23, 25). Food 
!wanting" may be a stronger determinant of energy intake than is food !liking" or 
food hedonics (48-50). Results of this current study show that food !liking" 
appears relatively uninfluenced by stress or increasing weight status. !Wanting" 
on the other hand is influenced by stress and weight status, as visceral 
overweight subjects in stress and in the absence of hunger want and consume 
foods that are high in fat and carbohydrate, in contrast to normal weight subjects. 
This suggests that during stress !wanting" in the absence of hunger might be an 
important process in developing an obese state. 
Summarizing, we hypothesized that under influence of acute stress the food 
reward system may overrule the homeostatic control system in the absence of 
hunger in visceral overweight subjects compared with normal weight subjects. 
Our study showed that in visceral overweight subjects, in contrast to normal 
weight subjects, !wanting" for dessert and snacks, and energy intake (carbohy-
drate and fat), in the absence of hunger, was higher in the stress vs. rest condi-
tion. Moreover, under stress visceral overweight subjects showed an increase in 
percentage of daily energy requirements consumed over two meals by 6±2 %, in 
contrast to normal weight subjects. In conclusion, visceral overweight subjects 
showed stress-induced food intake in the absence of hunger, resulting in an 
increased energy intake. 
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Abstract 
Consumption of meals with different macronutrient contents, especially high in 
carbohydrates, may influence the stress-induced physiological and psychological 
response.  
The objective of this study was to investigate effects of consumption of a high-
protein vs. high-carbohydrate meal on the physiological cortisol response and 
psychological mood response.  
Subjects (n=38, 19m/19f, age=25±9 yrs, BMI=25.0±3.3 kg/m2) came to the 
university four times, fasted, for either condition: rest-protein, stress-protein, rest-
carbohydrate, stress-carbohydrate (randomized cross-over design). Stress was 
induced by means of a psychological computer test. The test meal was either a 
high-protein meal (En% P/C/F 65/5/30) or a high-carbohydrate meal (En% P/C/F 
6/64/30), both meals were matched for energy density (4 kJ/g) and daily energy 
requirements (30 %). Per test session salivary cortisol levels, appetite profile, 
mood state and level of anxiety were measured.  
High hunger, low satiety (81±16, 12±15 mmVAS) confirmed the fasted state. The 
stress condition was confirmed by increased feelings of depression, tension, 
anger, anxiety (AUC stress vs. rest p<0.02). Consumption of the high-protein vs. 
high-carbohydrate meal did not affect feelings of depression, tension, anger, 
anxiety. Cortisol levels did not differ between the four test sessions in men and 
women (AUC nmol·min/L p>0.1). Consumption of the test meals increased 
cortisol levels in men in all conditions (p<0.01), and in women in the rest-protein 
and stress-protein condition (p<0.03). Men showed higher cortisol levels than 
women (AUC nmol·min/L p<0.0001).  
Consumption of meals with different macronutrient contents, i.e. high-protein vs. 
high-carbohydrate, does not influence the physiological and psychological 
response differentially. Men show a higher meal-induced salivary cortisol 
response compared with women. 
!
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Introduction 
Recent human studies have shown a possible relationship between stress and 
the increased prevalence of obesity (1-4). The stress response involves the 
hypothalamus pituitary adrenal (HPA) axis, which regulates the secretion of its 
end-product cortisol (3). Chronic stress is associated with hyperactivity of the 
HPA axis and consequently increased cortisol levels, which have been 
associated with visceral fat accumulation and obesity (1, 5, 6). During stress, 
food choice is often shifted towards sweet and fat foods, possibly because they 
are perceived as highly rewarding (7-9). However, consumption of some of these 
preferred or highly rewarding foods, namely carbohydrates, may not reduce 
stress but even increase stress, i.e. increased HPA axis activity, represented by 
cortisol concentrations. A study by Vicennati et al. (10) showed that, in contrast 
to a high-protein/fat meal, a high-carbohydrate meal significantly increased the 
plasma cortisol levels in visceral obese subjects. Lacroix et al. (11) showed that 
high-protein/high-fat foods reduce cortisol concentrations remarkably in rats. 
Moreover, a study by Martens et al. (12) investigating the effects of single 
macronutrients on serum cortisol concentrations in normal weight men showed 
that the cortisol response to consumption of carbohydrates was higher than the 
cortisol response to consumption of fats or proteins. Carbohydrates increased 
serum cortisol concentrations while fat as well as protein did not relative to water 
(12).  
On the other hand, Gibson et al. (13) and Slag et al. (14) showed increased 
cortisol levels induced by a protein-rich meal. A study by Gonzalez-Bono et al. 
(15) showed neither a difference between the effects of macronutrients on sali-
vary cortisol levels, nor a cortisol response to meal consumption. Lovallo et al. 
(16) showed no meal-induced salivary cortisol response in the case of a mental 
stressor followed by a meal but did show a meal-induced cortisol response in the 
case of a physical stressor followed by a meal. 
These studies show that the effects of macronutrients on the response of the 
HPA axis are still controversial. Little is known about the response of a physio-
logical challenge such as food intake following a psychological stress challenge. 
This study was, therefore, carried out to investigate possible effects of consump-
tion of comparable meals with different macronutrient contents (high-protein vs. 
high-carbohydrate) on the physiological cortisol response under stress. 
Moreover, we wanted to investigate the possible effects of high-protein vs. high-
carbohydrate meals on the psychological mood response. Increases in negative 
mood in response to stressors can lead to greater food intake (9, 17). Consump-
tion of foods that improve the stress-induced mood state may prevent further 
intake of energy-dense foods. Studies by Markus et al. (18, 19) showed that 
carbohydrate-rich, protein-poor foods improve mood and stress coping following 
acute stress-inducing tasks, only in stress-vulnerable subjects, possibly due to 
increased levels of brain tryptophan and serotonin. Firk et al. (20) showed that 
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intake of tryptophan-rich hydrolyzed protein increased positive mood and 
dampened the cortisol response to acute stress. 
We hypothesized that high-protein foods, in contrast to comparable high-
carbohydrate foods, would not increase salivary cortisol concentrations more 
under stress and consequently would improve mood. 
 
Methods 
Ethics Statement 
All procedures were carried out with the adequate understanding and written 
consent of the subjects. The study was approved by the Medical Ethical 
Committee of the Maastricht University, and was in compliance with the 
Declaration of Helsinki. The study was registered in the Dutch Trial Register 
(NTR, TC=1904). The protocol described here in this study deviates from the trial 
protocol approved by the Medical Ethical Committee of the Maastricht University 
as it comprises only a part of the approved trial protocol.  
 
Subjects 
Thirty-eight Caucasian subjects (19m/19f; age 25±9 yrs (mean±SD, range 18-51 
yrs)) with a body mass index (BMI) of 25.0±3.3 kg/m2 (mean±SD, range 18.9-
30.5 kg/m2) participated in this study. Based upon the study by Vicennati et al. 
(10), power analysis showed that with an ) of 0.0125 (taking into account the 
Bonferroni correction for multiple testing) and # of 0.10 (power=1-#=0.90), at 
least 31 subjects were needed. Subjects were recruited by advertisements in 
local newspapers and on notice boards at the university. They underwent an 
initial screening including measurement of body weight, height, waist 
circumference and hip circumference, and completion of a questionnaire related 
to health, use of medication, smoking behavior, alcohol consumption, physical 
activity, and eating behavior. Eating behavior was analyzed using a validated 
Dutch translation of the Three Factor Eating Questionnaire (TFEQ) which 
measures three components: !cognitive restraint of eating" (factor 1), 
!disinhibition of restraint" (factor 2), and !subjective feeling of hunger" (factor 3) 
(21).  
 
Study design 
The study was conducted in a randomized cross-over design. All subjects came 
to the university four times in a fasted state between 08:00 and 9:00 AM, once 
for a stress test session receiving a high-protein meal, once for a rest test 
session receiving a high-protein meal, once for a stress test session receiving a 
high-carbohydrate meal, and once for a rest test session receiving a high-
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carbohydrate meal. The order of the four conditions was randomized across the 
subjects to prevent any order effects. 
Figure 1 gives a schematic overview of the study design. After arrival at the 
university, subjects were seated in the laboratory and remained seated 
throughout the experiment. All subjects received 50 g of yoghurt (!Campina 
magere yoghurt naturel", 84 kJ, Energy% Protein/Carbohydrate/Fat (En% P/C/F) 
53/44/2) to prevent extreme hunger feelings. The test sessions started two hours 
later, to overcome the high cortisol morning peak and consequently to prevent 
the more difficult detection in salivary cortisol changes. Moreover, the two-hour 
waiting period gave the subjects the chance to adapt to the laboratory 
environment. During those two hours subjects remained seated and read a book 
or magazine.  
An ego threatening computer test containing elements of an IQ-test was used to 
create the stress vs. rest conditions in subjects (9, 22, 23). Two versions of the 
computer test were used: a difficult stress version with not enough time to solve 
the assignments and an easier control version with enough time to solve the 
assignments. This computer test was an updated version of the test used by 
Rutters et al. (9) and Born et al. (24) and had a duration of 20 min. Subjects 
were given the computer test before consumption of the test meal. This test meal 
(lunch) was either a high-protein meal or a high-carbohydrate meal, which had to 
be consumed entirely within 30 min. After the meal subjects rinsed their mouth 
thoroughly with cold water, prior to salivary sample collection. 
The stress response was determined by means of salivary cortisol 
concentrations, Profile Of Mood State (POMS) and State Trait Anxiety Inventory 
(STAI) questionnaires. One hundred unit visual analogue scales (VAS; in mm) 
were used to assess the appetite profile. Salivary samples and questionnaires 
were collected six times per test session.  
All women were tested in the follicular phase, as it has been shown that women 
have a higher spontaneous energy intake in the luteal phase compared with the 
follicular phase (10, 25). 
 
 
Figure 1. Schematic overview of the study design. Numbers in brackets represent the time points (in 
min) at which data was collected or tasks were completed. !Question", questionnaires; !Saliv sample", 
salivary sample 
 
Test meals 
The test meal was either a high-protein lunch (En% P/C/F 65/5/30) or a high-
carbohydrate lunch (En% P/C/F 6/64/30). Both meals were comparable and 
matched for energy density: 4 kJ/g. The amount of the meals that was given to 
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the subjects corresponded to 30 % of their daily energy requirements (DER). For 
each subject the DER were calculated by multiplying the basal metabolic rate 
(BMR) by the appropriate physical activity factor (1.5–1.8, derived from the 
screening questionnaire, (26)). The BMR (kcal/day) was calculated according to 
the equation of Harris–Benedict (27).  
The high-protein meal consisted of a salad (iceberg lettuce, cucumber, mush-
room, and sunflower oil), Gouda cheese, salami, and a strawberry protein shake. 
The high-carbohydrate meal consisted of a salad (iceberg lettuce, cucumber, 
green pepper, and sunflower oil), savory cheese biscuits and TUC bacon 
biscuits, and a strawberry carbohydrate shake. In both meals the shakes repre-
sented 47 En% of the total meal. Beforehand, during screening, subjects had to 
taste and rate the food items for subjective liking (VAS), in order to check 
whether all food items were acceptable.  
 
Questionnaires 
One hundred unit VAS (mm) were used to assess the appetite profile. The 
scales were anchored with !not at all" at one end and !extremely" at the other 
end, and combined with questions on feelings of hunger, thirst, fullness, satiety, 
and desire to eat, and on subjective liking and wanting of the test meals.  
Mood states were assessed using a modified version of the Dutch translation of 
the POMS (28). This questionnaire contains 35 adjectives that are rated on a 
five-point scale and is divided into five subscales (depression, tension, 
confusion, fatigue, and anger). The Dutch translation of the state scale of the 
STAI questionnaire was used to measure state anxiety (29). Subjects had to rate 
20 statements on how they felt at that moment on a four-point scale. An increase 
in POMS and STAI scores is associated with a worsening in mood.  
The VAS, POMS and STAI questionnaires were completed six times throughout 
the test sessions at -5, 25, 75, 110, 150, and 200 min (Figure 1).  
Beforehand, during screening, subjects were familiarized with the question-
naires.  
 
Saliva samples 
To determine salivary cortisol levels, six saliva samples were collected at 0, 30, 
80, 125, 155, and 205 min (Figure 1) with the help of cotton swabs (Salivettes, 
Sarstedt, Etten-Leur, The Netherlands). Subjects were instructed to gently chew 
on the swab for one min. Cotton swabs were then transferred to the plastic 
containers and stored at *20 °C until analysis. During screening subjects had the 
chance to chew on a swab in order to get used to the procedure.  
Salivary cortisol concentrations were measured by the laboratory of Prof. Dr. C. 
Kirschbaum, Dresden University of Technology, Germany. After thawing, saliva 
samples were centrifuged at 3000 rpm for 10 min. Luminescence Immunoassay 
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(IBL, Hamburg, Germany) with intra- and inter-assay precision of 2.5 % and 4.7 
%, respectively, was used to measure salivary cortisol concentrations.  
 
Statistics 
Data were analyzed using StatView 5.0 (SAS Institute Inc., Cary, NC, USA). 
ANOVA with repeated measures was used to study the conditional effects of 
stress vs. rest and of high-protein vs. high-carbohydrate, and the effects of time, 
on cortisol level measurements and questionnaire data (POMS, STAI, VAS). 
Factorial ANOVA was used to analyze differences between men and women. 
Paired and unpaired Student"s t-tests were used as Post hoc analyses for sig-
nificant interactions. Simple linear regression models were used for correlation 
analysis between parameters. Areas under the curve (AUC) for cortisol and 
questionnaire data were calculated using the trapezoid method. All tests were 
two-sided and differences were considered significant at p<0.05. Values are 
expressed as mean ± standard error of the mean (SEM), unless stated other-
wise. 
 
Results 
Subject characteristics 
The characteristics of the subjects are summarized in Table 1. No significant 
differences were shown between men and women in age, BMI, hip 
circumference, and disinhibition score. Women showed a significantly higher 
dietary restraint score and feeling of hunger score when compared with men 
(p<0.05). Men showed significantly higher height, body weight, waist 
circumference, and salivary cortisol concentrations (AUC) when compared with 
women (p<0.05). Therefore, the results of men and women were analyzed sepa-
rately. 
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Table 1. Characteristics of men and women.  
 Men (n=19) Women (n=19) pa 
Age (y) 25.6±8.6 24.9±9.3 n.s. 
Height (cm) 180.2±7.7 168.6±6.4 <.0001 
Body weight (kg) 80.1±8.8 71.6±9.4 <.01 
BMI (kg/m2) 24.8±3.4 25.2±3.2 n.s. 
Waist circumference (cm) 86.4±9.7 79.9±9.9 <.05 
Hip circumference (cm) 103.7±5.5 105.5±5.1 n.s. 
Dietary restraint score 4.7±3.7 7.5±4.0 <.05 
Disinhibition score 3.9±1.4 5.1±2.9 n.s. 
Feeling of hunger score 3.1±2.3 5.6±3.4 <.01 
Values are means±SD; ap-value: differences between men and women (factorial ANOVA); n.s.=non-
significant 
 
Stress parameters 
Salivary cortisol levels were analyzed for men and women separately. Salivary 
cortisol levels did not differ between the conditions of stress vs. rest and high-
protein vs. high-carbohydrate in men and women (AUC and per time point, 
Figure 2). There was an overall effect of time on salivary cortisol levels in men 
and women (p<0.0001). Consumption of the test meals (time point 80-125 min, 
Figure 2) induced increased salivary cortisol levels in men in all conditions 
(p<0.01) and in women in the rest-protein and stress-protein condition (p<0.03). 
This meal-induced increase in cortisol levels was higher in men compared with 
women in all conditions (p<0.05). Men showed overall higher salivary cortisol 
levels compared with women (AUC p<0.0001; Figure 2), in all conditions. 
Cortisol baseline values (time point 0 min, Figure 2) did not differ between men 
and women, in all conditions.   
Men had a higher waist-to-hip ratio compared with women (p<0.01) and simple 
regression analysis showed a positive relationship between cortisol levels (AUC) 
and waist-to-hip ratio (p<0.04, R2=0.1).  
POMS and STAI questionnaires showed higher feelings of depression, tension, 
anger, and anxiety during the stress vs. rest test sessions, (ANOVA repeated 
measures: AUC of POMS and STAI scores rest-stress x carbohydrate-protein, 
main effect of stress, p<0.02), indicating that the applied stressor was effective in 
inducing psychological stress, regardless of the dietary condition. Consumption 
of the high-protein vs. high-carbohydrate meal did not affect feelings of 
depression, tension, anger, and anxiety differently (ANOVA repeated measures: 
change in POMS and STAI scores pre- to post-meal rest-stress x carbohydrate-
protein, p>0.1). There were no differences in POMS and STAI scores between 
men and women, in all conditions.  
Macronutrients and cortisol response 
 121 
Simple linear regression models showed that salivary cortisol concentrations 
were not related to POMS and STAI scores in men and women, in all conditions, 
when analyzing the AUC, and the change in cortisol concentrations and POMS 
and STAI scores pre- to post-meal. 
 
 
Figure 2. Salivary cortisol concentrations (mean±SEM) at six time points (0, 30, 80, 125, 155, and 205 
min) throughout the four test sessions: rest-carbohydrate (RC), stress-carbohydrate (SC), rest-protein 
(RP), stress-protein (SP); for men (n=19, M) and women (n=19, F). **p<0.0001 for overall (AUC) 
higher cortisol levels in men vs. women; #p<0.05 for higher meal-induced increase in cortisol levels in 
men vs. women (time point 80-125 min); *p<0.03 for increased cortisol levels in men in all conditions, 
in women in RP and SP (time point 80 vs. 125 min) 
 
Appetite profile 
The fasted state was confirmed by low satiety and fullness scores (11.8±2.5, 
9.6±1.9 mmVAS), and high hunger, !desire to eat", and thirst scores (80.6±2.6, 
83.9±2.2, 68.1±3.7 mmVAS). Consumption of the lunch resulted in an increase 
in satiety and fullness scores ((=63.2±4.6, 69.9±3.7 mmVAS, p<0.001), and a 
decrease in hunger, !desire to eat", and thirst scores ((=67.8±3.3, 68.5±3.3, 
33.8±4.3 mmVAS, p<0.001). Conditions of stress vs. rest and of high-protein vs. 
high-carbohydrate did not affect feelings of hunger, thirst, desire to eat, satiety, 
and fullness (AUC and per time point).  
Consumption of the test meals decreased their subjective liking and wanting 
(p<0.001; average liking scores pre- and post-meal: 53.5±3.7, 43.4±4.0 mmVAS; 
average wanting score pre- and post-meal: 65.3±4.3, 8.7±2.0 mmVAS). 
Conditions of stress vs. rest and of high-protein vs. high-carbohydrate did not 
influence liking of the test meals pre- and post-meal, confirming that the meals 
were comparable. The condition of stress vs. rest did not influence wanting of 
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the test meals pre- and post-meal, though during stress the change in wanting 
pre- to post-meal was larger in the high-protein condition compared with the 
high-carbohydrate condition (p=0.03).  
The changes in VAS scores for the appetite profile parameters pre- to post-
consumption of the test meals did not differ between men and women.  
 
Discussion  
The main objective of this study was to investigate the possible effects of con-
sumption of meals with different macronutrient contents (high-protein vs. high-
carbohydrate) on the physiological cortisol response and on the psychological 
mood response under stress. Based upon studies of Vicennati et al. (10), Lacroix 
et al. (11), and Martens et al. (12), we hypothesized that high-protein foods, in 
contrast to high-carbohydrate foods, would not increase salivary cortisol con-
centrations more under stress and consequently would improve mood. 
In our study the acute psychological stress condition was confirmed by means of 
POMS and STAI questionnaires, but not endocrinologically by increased salivary 
cortisol levels. The type of stressor used in the laboratory context might have 
been too light to elicit a physiological cortisol response (30).  
Our study showed a clear meal-induced salivary cortisol response, though no 
difference in response was detected between consumption of a high-protein 
lunch and a high-carbohydrate lunch. Some studies have shown that food intake, 
particularly at lunch, increases cortisol secretion (13, 31-33). In contrast, a study 
by Bray et al. (34) assessing the hormonal responses to a fast-food meal 
compared with nutritionally comparable meals of different composition, showed 
no significant salivary cortisol response to meal ingestion. Lovallo et al. (16) 
showed no meal-induced salivary cortisol response in the case of a mental 
stressor followed by a meal but did show a meal-induced cortisol response in the 
case of a physical stressor followed by a meal. This response was higher in 
women compared with men (16). The cortisol response to mental stress was 
smaller in women compared with men (16). 
In contrast to our findings, some studies indicated that the macronutrient compo-
sition of a meal may influence the magnitude of the cortisol response. Studies by 
Vicennati et al. (10) and Martens et al. (12) showed higher cortisol levels 
following a high-carbohydrate meal compared with a high-protein/fat meal. 
Studies by Gibson et al. (13) and Slag et al. (14) showed increased cortisol 
levels induced by a protein-rich meal. On the other hand, the study by Bourrilhon 
et al. (35), investigating the influence of protein- vs. carbohydrate-enriched 
feedings on physiological responses during an ultra endurance climbing race, 
showed no effect of diet on serum cortisol levels. It is not clear yet whether the 
macronutrient composition of a meal can indeed influence cortisol levels. The 
use of mixed meals instead of single macronutrients, as used in the study by 
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Martens et al. (12), might limit the detection of possible effects of macronutrients 
on cortisol levels.  
Men compared with women participating in our study, showed higher meal-
induced salivary cortisol levels and higher overall salivary cortisol levels. 
According to the review by Kudielka et al. (36), it seems that adult men show 
higher cortisol responses to psychological stress tasks compared with women, 
though there are still inconsistencies in literature. Kirschbaum et al. (37) showed 
sex differences for free salivary cortisol but not for total cortisol stress 
responses: women taking oral contraceptives and women in the follicular phase 
had significantly lower free cortisol stress responses than men. In our study 
there were no differences in salivary cortisol levels between women taking oral 
contraceptives (n=11) and women taking no oral contraceptives (n=8), which is 
in accordance with studies of e.g. Kirschbaum et al. (37) and Liening et al. (38). 
Based on the study of Kirschbaum et al. (37) we hypothesize that the lower sali-
vary cortisol levels in women compared with men might be explained by the fact 
that women in our study participated during the follicular phase, though the effect 
seen in the study of Kirschbaum et al. (37) was induced by the psychological 
stressor, which was not the case in our study. Literature on gender differences 
concerning meal-induced cortisol increases is scarce.  
Men in our study had a larger waist circumference and waist-to-hip ratio com-
pared with women. The meta-regression analysis by de Koning et al. (39) indi-
cated that waist circumference and waist-to-hip ratio are associated with the risk 
of cardiovascular diseases. It can be hypothesized that the greater cortisol 
response observed in men may be associated with visceral fat accumulation and 
an elevated risk for cardiovascular diseases and diabetes and may help explain 
the higher prevalence for these diseases in men (1, 4, 36, 40).  
In contrast to significant gender differences concerning physiological cortisol 
levels, the psychological mood state did not differ between men and women in 
our study and physiological cortisol levels were not related to the psychological 
mood state scores. Moreover, the mood state was not affected by macronutrient 
composition of the diets. This might be explained by the fact that the high-protein 
meal and the high-carbohydrate meal were highly comparable, as shown by the 
VAS scores for the appetite profile parameters. Liking of the test meals and 
feelings of hunger, thirst, desire to eat, satiety and fullness did not differ between 
the high-protein and high-carbohydrate condition. It is known from literature that 
protein is the most satiating macronutrient, and that high-protein meals are more 
satiating than high-carbohydrate meals (41). However, our results showed no 
greater feelings of satiety in the high-protein vs. high-carbohydrate condition. A 
possible explanation might be that the morning consumption of 50 g of yoghurt 
was relatively high in protein, and due to this high protein content the lower 
protein intake and higher carbohydrate intake two hours later might not have 
resulted in a difference in feelings of satiety at that moment.  
In summary, consumption of comparable meals with different macronutrient 
contents, i.e. high-protein vs. high-carbohydrate, does not influence the physio-
Chapter 7 
 124 
logical cortisol response and the psychological mood response differentially. In 
our everyday life where stress is a pervasive factor, the development of 
functional foods, able to regulate the stress response, would be helpful to im-
prove or maintain quality of life, as suggested in the review by Takeda et al. (42). 
Foods with the macronutrient contents used in our study seem ineffective in 
regulating the physiological and psychological stress response. Men in our study 
showed a higher waist-to-hip ratio and elevated salivary cortisol levels compared 
with women, which may be associated with an increased risk for cardiovascular 
diseases and diabetes. 
To conclude, consuming a high-protein vs. a high-carbohydrate meal does not 
influence the physiological cortisol response and the psychological mood 
response differentially. Men show a higher meal-induced salivary cortisol 
response compared with women. 
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Abstract 
We aimed to investigate whether consumption of high-protein vs. high-
carbohydrate meals influences stress-related mood, food !liking" and !wanting", 
and energy intake (EI). 
Subjects (n=38, 19m/19f, age=25±9 y, BMI=25.0±3.3 kg/m2) came to the 
university four times, fasted, for either condition: rest-protein, stress-protein, rest-
carbohydrate, stress-carbohydrate (randomized cross-over design). Stress was 
induced using an ego-threatening test. Per test session !liking" and !wanting" (for 
bread, filling, drinks, dessert, snacks, stationery (placebo)) was measured twice, 
each time followed by a meal. The first meal was a high-protein or high-
carbohydrate meal (En% P/C/F 65/5/30 vs. 6/64/30), matched for energy density 
(4kJ/g) and daily energy requirements (30 %). The second meal was chosen by 
the subjects. Appetite profile (visual analogue scales), mood state (POMS, STAI 
questionnaires), and EI from the second meal were measured. 
Subjects showed increased feelings of depression and anxiety during stress  
(P<0.01). Consumption of the first meal decreased hunger, increased satiety, 
decreased !liking" of bread and filling, and increased !liking" of placebo and drinks 
(P<0.0001). Food !wanting" decreased pre- to post-meal (P<0.0001). The high-
protein vs. high-carbohydrate meal induced lower subsequent !wanting" and EI 
(1.7±0.3MJ vs. 2.5±0.4MJ) only in individuals characterized by disinhibited 
eating behavior (factor 2 Three Factor Eating Questionnaire), during rest 
(P%0.01). This reduction in !wanting" and EI following the high-protein meal 
disappeared during stress.  
To conclude, a high-protein vs. high-carbohydrate meal induced lower 
subsequent !wanting" and EI in subjects with high disinhibition; this difference 
disappeared under stress. Acute stress overruled effects of consumption of high-
protein foods.  
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Introduction 
Recent human studies have shown a possible relationship between stress and 
the increased prevalence of obesity (1-4). Rutters et al. (5) showed that acute 
psychological stress leads to eating in the absence of hunger, especially in vul-
nerable individuals characterized by disinhibited eating behavior; then food 
choice is directed towards rewarding sweet and fat foods (5-7), to cope with 
stress (8). However, some of these rewarding foods high in carbohydrates may 
increase stress, i.e. hypothalamus pituitary adrenal (HPA) axis activity, repre-
sented by cortisol concentrations (9-11). Moreover, chronic stress combined with 
a high-fat, high-carbohydrate diet may lead to abdominal obesity (8).  
According to the incentive salience theory, the process of reward, possibly 
playing a role in eating in the absence of hunger, consists of !liking" and !wanting" 
(12, 13). !Liking", under control of opioids, is the hedonic or affective component 
and refers to the pleasure derived from oro-sensory stimulation of food (14, 15). 
!Wanting", under control of dopamine, is the motivational incentive component 
and refers to the motivation to obtain food (12, 14-17).  
Several studies indicated that high-protein meals may help to cope with stress, 
for instance Lacroix et al. (9), Vicenatti et al. (10), and Martens et al. (11). Firk 
and Markus (18) showed that intake of tryptophan-rich hydrolyzed protein in-
creased positive mood under acute stress. Therefore, we hypothesized that a 
high-protein meal may reduce food !wanting" and eating in the absence of 
hunger during stress, while consumption of a high-carbohydrate meal may 
increase food !wanting" and eating in the absence of hunger during stress. 
A computer test, which was developed and validated in a previous study, was 
used to measure !liking" and !wanting": !liking" was defined as the relative 
preference of two food items, and !wanting" as the motivation to obtain food 
items by working to earn items to choose from (19). 
 
Materials and Methods 
Subjects 
Thirty-eight healthy Caucasian subjects (19 men and 19 women; age 25±9 y; 
BMI 25.0±3.3 kg/m2) participated in this study. They were recruited by 
advertisements in local newspapers and on notice boards at the university. 
Subjects underwent an initial screening including measurement of body weight, 
height, waist and hip circumference, and completed a questionnaire related to 
health, use of medication, physical activity and eating behavior. Regarding 
overweight subjects only visceral overweight subjects (waist circumference $ 80 
cm in women and $ 94 cm in men (20)) were included, as chronic stress has 
been associated with visceral fat accumulation and obesity (1, 21, 22). 
Regarding the !wanting" computer test, subjects were screened on their ability to 
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play a five by five memory game within two min. Subjects also had to taste and 
rate the food items, which would have to be consumed on the test-days, 
beforehand using visual analogue scales (VAS), in order to control for 
acceptability.  
Eating behavior was analyzed using a validated Dutch translation of the Three 
Factor Eating Questionnaire (TFEQ) which measures three components: 
!cognitive restraint of eating" (factor 1, F1), !disinhibition of restraint" (factor 2, F2) 
and !hunger" (factor 3, F3) (23). The cut-off points in our population are F1=9, 
F2=5, and F3=5 (24). All subjects gave written informed consent and the study 
was approved by the Medical Ethical Committee of the Maastricht University.  
 
Study design 
The study was conducted in a randomized cross-over design (Figure 1). 
Subjects came to the university four times in a fasted state between 08:00 and 
9:00 AM: two times for a stress session receiving a high-protein or high-
carbohydrate meal, and two times for a rest session receiving a high-protein or 
high-carbohydrate meal.  
After arrival at the university, subjects were seated in the laboratory and 
remained seated throughout the experiment. First subjects received 50 g yoghurt 
(!Campina magere yoghurt naturel", 84 kJ, Energy% Protein/Carbohydrate/Fat 
(En% P/C/F) 53/44/2) to prevent large hunger feelings. Then, two computer tests 
containing elements of an IQ-test were used to create the stress vs. rest 
conditions in subjects (5, 25, 26): a difficult stress version with limited time and 
an easier control version with ample time to solve the assignments. The test was 
an updated version of the test used by Rutters et al. (5) and Born et al. (27). 
Third, the computer test developed to measure !liking" and !wanting" (19) was 
completed and followed by consumption of the test meal (lunch). After the test 
meal, subjects executed the IQ-test and the !liking" and !wanting" computer test 
again, followed by a second meal. The test meal was either a high-protein meal 
or a high-carbohydrate meal, which had to be consumed entirely. The second 
meal (!wanted meal" (Figure 1)) was composed by the subjects themselves by 
means of the !wanting" part of the computer test.  
To investigate whether the stress condition inflicted psychological changes, we 
used Profile Of Mood State (POMS) and State Trait Anxiety Inventory (STAI) 
questionnaires. One hundred unit visual analogue scales (VAS; in mm) were 
used to assess the appetite profile. Questionnaires were collected seven times 
per test session.  
All women were tested in the follicular phase, as it has been shown that women 
have a higher spontaneous energy intake in the luteal phase compared with the 
follicular phase (10, 28).  
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Figure 1. Schematic overview of the study design. Numbers in brackets represent the time points (in 
min) at which data was collected or tasks were completed. !Question": questionnaires  
 
Test meals 
The high-protein meal (En% P/C/F 65/5/30) consisted of a salad (iceberg lettuce, 
cucumber, mushroom and sunflower oil), Gouda cheese, salami, and a 
strawberry protein shake. The high-carbohydrate meal (En% P/C/F 6/64/30) 
consisted of a salad (iceberg lettuce, cucumber, green pepper and sunflower oil), 
savory cheese biscuits and TUC bacon biscuits, and a strawberry carbohydrate 
shake. Both meals were isocaloric and matched for energy density (4 kJ/g). 
Amounts corresponded to 30 % of subjects" individual daily energy requirements 
(DER). This was calculated by multiplying the basal metabolic rate (BMR; (29)) 
by the appropriate physical activity factor (1.5–1.8, derived from the screening 
questionnaire (30)). The shakes represented 47 En% of the total meal.  
 
Questionnaires 
One hundred unit VAS (mm), anchored with !not at all" and !extremely", were 
used to assess the appetite profile, implying questions on feelings of hunger, 
thirst, fullness, satiety and desire to eat, and on subjective liking and wanting of 
the test meals.  
Mood states were assessed using a modified version of the Dutch translation of 
the POMS (31), which contains 35 adjectives that are rated on a five-point scale 
and is divided into five subscales (depression, tension, confusion, fatigue, and 
anger). The Dutch translation of the state scale of the STAI questionnaire was 
used to measure state anxiety on a four-point scale (32). An increase in POMS 
and STAI scores is associated with a worsening in mood.  
The questionnaires were completed seven times throughout the test sessions at 
0, 30, 80, 115, 155, 205 and 225 min (Figure 1). The VAS on subjective liking 
and wanting of the test meals were completed pre- and post-meal (at 80 and 115 
min).  
 
!Liking" and !wanting" computer test 
The computer test (19) measured the rewarding value, i.e. !liking" and !wanting", 
for 72 items divided in six categories: bread, filling, drinks, dessert, snacks, and 
stationery (non-food alternative as control). Each category contained 12 items. 
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The 72 items were presented as photographic stimuli on a computer screen (13-
inch Mac Book, Apple, Cupertino, USA).  
In short, the computer test contains a !liking" part and a !wanting" part for the 
same food and stationery items. For !liking", subjects indicate their relative 
preference of paired items within and between the six categories, resulting in a 
relative ranking of !liking" of the items per category (score range 0-605), and of 
the categories (score range 0-125). 
For !wanting", subjects work to earn items by playing memory games. For each 
category participants play a five by five memory game. The more pairs of items 
are found, the more randomly selected items are offered to choose from. 
Subjects choose zero, one or two items per category. All these chosen items are 
offered to them afterwards to be eaten completely. These items obtain a score 
equal to the success score of the memory game, representing the motivation or 
workload for the chosen items (score range 2–12). Per category the sum of the 
scores represents the !wanting" score for each category. Scores range from zero 
to 24 per category. The energy content and macronutrient composition of the 
thus obtained !wanted" and consumed meal is calculated. 
 
Statistics 
Data were analyzed using StatView 5.0 (SAS Institute Inc., Cary, NC, USA). 
Factorial ANOVA with repeated measures was used to study effects between 
subject groups, conditions of stress vs. rest, of high-protein vs. high-
carbohydrate, over time. Thus, scores on the questionnaires (VAS, POMS, STAI) 
and on the !liking" and !wanting" computer test were tested. Paired and unpaired 
Student"s t-tests were used as Post hoc analyses for significant interactions. 
Areas under the curve (AUC) for questionnaire data were calculated using the 
trapezoid method. All tests were two-sided and differences were considered 
significant at P<0.05. Values are expressed as mean ± standard error of the 
mean (SEM), unless stated otherwise. 
 
Results 
Subject characteristics 
No significant differences were shown between men and women concerning 
age, BMI, hip circumference and disinhibition scores (Table 1). Women had 
higher scores for dietary restraint and feeling of hunger when compared with 
men (P<0.05). Men had a larger height, body weight, and waist circumference 
when compared with women (P<0.05). 
Since there were neither gender differences, nor differences according to weight 
status concerning possible conditional effects of stress vs. rest and of high-
protein vs. high-carbohydrate on scores from the questionnaires (POMS, STAI, 
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VAS) and the !liking" and !wanting" computer test, and on energy intake, data 
were analyzed for all subjects together.  
After analyses for all subjects together, a second analysis for individuals divided 
by the disinhibition score (n=16) was executed (5). These subjects also differed 
in hunger score (F2 score 6.4±2.2 vs. 3.0±0.8 and F3 score 5.8±4.0 vs. 3.3±1.9 
(mean±SD), P<0.02). Their BMI did not differ (25.7±3.7 kg/m2 vs. 24.5±2.9 
kg/m2). 
 
Table 1. Characteristics of men and women.  
 Men (n=19) Women (n=19) Pa 
Age (y) 25.6±8.6 24.9±9.3 n.s. 
Height (cm) 180.2±7.7 168.6±6.4 <.0001 
Body weight (kg) 80.1±8.8 71.6±9.4 <.01 
BMI (kg/m2) 24.8±3.4 25.2±3.2 n.s. 
Waist circumference (cm) 86.4±9.7 79.9±9.9 <.05 
Hip circumference (cm) 103.7±5.5 105.5±5.1 n.s. 
Dietary restraint score 4.7±3.7 7.5±4.0 <.05 
Disinhibition score 3.9±1.4 5.1±2.9 n.s. 
Feeling of hunger score 3.1±2.3 5.6±3.4 <.01 
Values are means±SD; aP-value: differences between men and women (unpaired Student"s t-tests); 
n.s.=non-significant 
 
Stress parameters 
Scores of POMS and STAI questionnaires showed higher feelings of depression 
(POMS (AUC = +210.8±76.4 x min-1, P<0.01), tension (POMS (AUC = 
+227.7±74.0 x min-1, P<0.01), confusion (POMS, (AUC = +180.7±71.7 x min-1, 
P<0.02), anger (POMS (AUC = +211.5±74.3 x min-1, P<0.01), and anxiety (STAI 
(AUC = +415.5±126.8 x min-1, P<0.01), during the stress vs. rest sessions, 
(ANOVA repeated measures: stress vs. rest, controlled for dietary condition; 
main effect of stress, P<0.02), indicating that the applied stressor was effective 
in inducing psychological stress, regardless of the dietary condition. 
Consumption of the high-protein vs. high-carbohydrate meal did not affect 
feelings of depression, tension, anger and anxiety differently.  
There were no differences in POMS and STAI scores between subjects with high 
vs. low disinhibition, in all conditions (AUC and per time point).  
 
Appetite profile 
The fasted state was confirmed by low satiety and fullness scores (11.8±2.5, 
9.6±1.9 mmVAS), and high hunger, !desire to eat" and thirst scores (80.6±2.6, 
83.9±2.2, 68.1±3.7 mmVAS). Consumption of the first meal resulted in an 
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increase in satiety and fullness scores ((=-63.2±4.6, -69.9±3.7 mmVAS, 
P<0.001), and a decrease in hunger, !desire to eat" and thirst scores 
((=+67.8±3.3, +68.5±3.3, +33.8±4.3 mmVAS, P<0.001). Conditions of stress vs. 
rest and of high-protein vs. high-carbohydrate did not affect feelings of hunger, 
thirst, desire to eat, satiety and fullness (AUC and per time point). VAS scores 
for the appetite profile parameters hunger, !desire to eat", thirst, satiety, and 
fullness, did not differ between subjects with high vs. low disinhibition, in all 
conditions (AUC, per time point, and change in score pre- to post-consumption). 
Consumption of the test meals decreased VAS-liking and wanting scores for the 
test meals (average liking scores pre- and post-meal: 53.5±3.7, 43.4±4.0 
mmVAS; average wanting score pre- and post-meal: 65.3±4.3, 8.7±2.0 mmVAS; 
P<0.001). Conditions of stress vs. rest and of high-protein vs. high-carbohydrate 
did not influence liking and wanting (VAS) of the test meals pre- and post-meal, 
confirming that the meals were comparably liked and wanted. Liking (VAS) of the 
test meals did not differ between subjects with high vs. low disinhibition, in all 
conditions. Post-meal wanting (VAS) of the high-protein meal was lower in 
subjects with high vs. low disinhibition during stress (P<0.01).  
 
!Liking" and !wanting" computer test 
!Liking" between categories, average food !wanting" (!wanting" for food items from 
all the five food categories taken together) and !wanting" per category were not 
influenced by the conditions of stress vs. rest and high-protein vs. high-
carbohydrate. There was an overall effect of time on !liking" for bread, filling, 
drinks and placebo, and on average food !wanting" and !wanting" per category 
(P<0.0001). Consumption of the first meal decreased ranking of !liking" of bread 
and filling and increased ranking of !liking" of placebo and drinks, in all conditions 
(P<0.0001). Consumption of the first meal decreased average food !wanting" in 
all conditions (P<0.0001, Figure 2). More specifically, there was a pre- to post-
meal decrease in !wanting" for bread, filling, drinks, dessert and snacks (P<0.04). 
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Figure 2. Average food !wanting" score (mean±SEM, n=38) for items from all the five food categories 
taken together, pre- and post-meal, in the four conditions: rest-carbohydrate (RC), stress-carbohydrate 
(SC), rest-protein (RP), stress-protein (SP). *P<0.0001  
 
 
An effect of disinhibited eating behavior was detected for average food !wanting" 
(ANOVA repeated measures of post-meal food !wanting" stress vs. rest x high-
protein vs. high-carbohydrate x high vs. low disinhibition; P<0.04). The high-
protein meal, vs. high-carbohydrate meal, induced lower subsequent average 
food !wanting" in individuals with high disinhibition, during the rest condition 
(P<0.01), but not during the stress condition (Figure 3).  
 
 
 
Figure 3. Average food !wanting" score (mean±SEM) for items from all the five food categories taken 
together, for subjects with high disinhibition (n=16), pre- and post-meal, in the four conditions: rest-
carbohydrate (RC), stress-carbohydrate (SC), rest-protein (RP), stress-protein (SP). *P<0.01  
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Energy and macronutrient intake 
Post-meal energy intake (!wanted meal") was not influenced by the conditions of 
stress vs. rest and high-protein vs. high-carbohydrate (Figure 4).  
 
 
Figure 4. Post-meal energy intake (MJ, mean±SEM, n=38, !wanted meal") in the four conditions: rest-
carbohydrate (RC), stress-carbohydrate (SC), rest-protein (RP), stress-protein (SP). 
 
An effect of disinhibited eating behavior was detected for post-meal energy 
intake (ANOVA repeated measures of post-meal energy intake stress vs. rest x 
high-protein vs. high-carbohydrate x high vs. low disinhibition; P=0.01). The 
high-protein meal, vs. high-carbohydrate meal, induced lower subsequent 
energy intake in individuals with high disinhibition, during rest (P<0.01), but not 
during stress (Figure 5). Moreover, subjects with high disinhibition showed 
higher energy intake in the stress vs. rest condition following the high-protein 
meal (P=0.01, Figure 5). 
The high-protein meal, vs. high-carbohydrate meal, induced lower subsequent 
intake of carbohydrates, fat, and proteins in individuals with high disinhibition, 
during the rest condition (P<0.05), but not during the stress condition.  
 
    
Figure 5. Post-meal energy intake (MJ, mean±SEM, !wanted meal") for subjects with high disinhibition 
(n=16), in the four conditions: rest-carbohydrate (RC), stress-carbohydrate (SC), rest-protein (RP), 
stress-protein (SP). *P%0.01 
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Discussion  
The main objective of the study was to investigate possible effects of 
consumption of a high-protein vs. high-carbohydrate meal on the stress-induced 
psychological mood response, the rewarding value of food, i.e. !liking" and 
!wanting", and the stress-induced food choice and food intake in the absence of 
hunger.  
Consumption of isocaloric meals with different macronutrient contents did not 
influence the stress-induced psychological mood response, the rewarding value 
of food, and the stress-induced food choice and food intake in the absence of 
hunger differently. However, only in subjects characterized by disinhibited eating 
behavior a conditional effect of high-protein vs. high-carbohydrate was detected. 
Average food !wanting" and energy intake was lower following the high-protein 
meal, compared with the high-carbohydrate meal, during rest. This reduction in 
average food !wanting" and energy intake following the high-protein meal 
disappeared during stress. In our everyday life stress is a pervasive factor, and 
the development of functional foods, able to regulate the stress response, would 
be helpful to improve or maintain quality of life, as suggested in the review by 
Takeda et al. (33). However, foods with the macronutrient contents used in our 
study seem ineffective in regulating the psychological stress response, the 
rewarding value of food, and the stress-induced food choice and food intake.  
The conditions of the satiated vs. hungry state and of stress vs. rest were con-
firmed. No effects of macronutrient composition of the diets on stress, charac-
terized by the psychological mood state, were shown. This contrasts the study 
by Firk and Markus (18) showing that intake of tryptophan-rich hydrolyzed 
protein increased positive mood to acute stress.  
Conditions of stress vs. rest and of high-protein vs. high-carbohydrate did not 
affect ranking of !liking" of the used categories of items, nor average food 
!wanting" and !wanting" per category, and subsequent energy intake. 
Surprisingly, an effect of disinhibited eating behavior was detected as individuals 
with high disinhibition showed lower average food !wanting" and energy intake 
following the high-protein vs. high-carbohydrate meal, during rest but not during 
the stress. Post-meal wanting (VAS) of the high-protein meal during stress, was 
lower in subjects with high vs. low disinhibition. It seems that during stress the 
high-protein meal was less rewarding for subjects with high disinhibition, com-
pared with subjects with low disinhibition. This may explain why during stress, in 
contrast to rest, the high-protein meal did not induce a decreased post-meal 
!wanting" and energy intake of other food items in subjects with high disinhibition. 
Previous research has shown that subjects with high disinhibition may be vul-
nerable to ego-threatening stress, leading to an increased energy intake (5, 34). 
Disinhibited eating behavior can be a possible risk factor for overweight and 
obesity (35). Results of our study show a higher energy intake in subjects with 
high disinhibition in the stress vs. rest condition following the high-protein meal. 
Acute stress overruled the effect of the reduced !wanting" and energy intake 
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following consumption of a high-protein vs. high-carbohydrate meal. Why sub-
jects with high-disinhibition show lower food !wanting" and energy intake 
following a high-protein meal, compared with a high-carbohydrate meal, during 
rest, remains questionable. It cannot be explained by the appetite profile pa-
rameters, as they were not affected by the different conditions.  
In conclusion, consumption of a high-protein meal, compared with a high-
carbohydrate meal, appears to have limited impact on stress-related eating 
behavior. Only subjects with high disinhibition showed decreased subsequent 
!wanting" and energy intake during rest; this effect disappeared under stress. 
Acute stress overruled food intake suppression effects of consumption of high-
protein foods. 
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The research presented in this thesis focused on the role of energy and reward 
homeostasis in food intake behavior, and more specifically on hormone and 
appetite dynamics, in relation to meal pattern, as well as on the concept of 
reward, and hypothalamus pituitary adrenal (HPA) axis activity. 
 
Appetite in relation to hormone and glucose concentrations 
The regulation of food intake and energy homeostasis involves physiological 
factors such as the dynamics of gastrointestinal hormones and the possibly re-
lated feelings of appetite (1, 2). The search for physiological biomarkers of 
appetite is currently very active. Relevant potential biomarkers related to appetite 
may be glucagon-like peptide (GLP)-1 and peptide tyrosine-tyrosine (PYY), 
ghrelin, glucose and insulin (3, 4). Previous studies (5-11) have based their cor-
relation analyses of visual analogue scale (VAS) ratings for appetite and gut 
hormone and glucose concentrations upon the calculated area under the curve 
or on the measured values per time point, not taking into account the factor time. 
For validation of VAS appetite ratings with hormone and glucose concentrations 
we used a statistical approach including the factor time by concentrating on the 
within-subject relations of these observations. Per subject regression slopes and 
R2 values for the regression of VAS ratings on gut hormone and glucose con-
centrations were calculated. Moreover, we investigated whether changes in VAS 
appetite scores are synchronized with, or lag behind or in front of changes in gut 
hormone and glucose concentrations.  
Analyses of regression slopes and R2 values revealed that VAS appetite scores 
and hormone and glucose concentrations changed synchronously, and that the 
mean explained variation of the development of hunger and fullness scores over 
time by the development of GLP-1, PYY, ghrelin, glucose, and insulin concentra-
tions over time was 30-70 %. The question remains whether this explained 
variation is sufficient to presume that the hormone and glucose concentrations 
may serve as a reliable biomarker for appetite at the individual level. We suggest 
this explained variation may be insufficient to use hormone or glucose concen-
trations as appropriate biomarkers for appetite, at least at the individual level and 
probably as well at group level. To our opinion, the applied statistical approach 
may be useful for understanding possible differences in relations between VAS 
appetite scores and hormone and glucose concentrations between subject 
groups or between experimental conditions, e.g. exploring the effects of specific 
nutrients or ingredients. The relationship between VAS appetite ratings and PYY 
concentrations for example may be stronger in the case of ingestion of a high-fat 
or high-protein meal, as increasing both fat and protein content of a meal may 
induce an immediate and prolonged increase in PYY and possibly may result in 
increased satiety (12).  
In addition, from our research it appeared that GLP-1, PYY, glucose, and insulin 
concentrations changed synchronously with VAS fullness scores. In contrast, 
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ghrelin concentrations lagged behind the VAS hunger scores, with a delay of 10-
25 min. Moreover, meal consumption induced a delayed ghrelin suppressive 
response by 10-25 min. Several studies showed that insulin is required for post-
prandial ghrelin suppression (13-15), and that there is a delay of approximately 
20 min between responses of insulin and ghrelin, insulin leading ghrelin (16). 
Our study confirmed that ghrelin concentrations lagged behind the insulin con-
centrations by approximately 15-30 min. This suggests a role for insulin as a 
negative regulator of ghrelin (17).  
 
Energy homeostasis and reward homeostasis 
Besides physiological factors such as the dynamics of gastrointestinal hormones 
and the possibly related feelings of appetite, factors such as food reward may 
play an essential role in the regulation of food intake and energy homeostasis 
(18, 19). Regarding the concept of reward, we needed a valid tool to measure 
the rewarding value of food, i.e. !liking" and !wanting" (20), in a Dutch study 
population and applicable in different study designs. We developed a computer 
test and showed that it was valid to measure !liking" and !wanting", in that it had a 
sufficient reproducibility and sensitivity (21). In addition we assessed how the 
rewarding value of a consumed food item possibly affects the rewarding value of 
any other food item in general (21). It appeared that eating a highly liked food 
item induces a more distinct decrease in hunger, desire to eat and !wanting" for 
food items in general and category-specific !liking", than eating a sufficiently liked 
!neutral" food item.  
Subsequently, the computer test was applied in the assessment of the role of 
dietary restraint in control over !wanting" following consumption of !forbidden" 
food (22). Successfully restrained eaters decreased food !wanting" specifically 
after consumption of a non-healthy perceived, !delicious", dessert-specific food 
vs. a nutritional identical, yet healthy perceived, slightly less !delicious", !neutral" 
food. A healthy perceived food may thus impose greater risk for control of energy 
intake in successfully restrained eaters. Restrained eaters have a similar control 
over appetite and !liking" as unrestrained eaters, although they use cognitive 
cues, but they have a stronger control over !wanting" in case of !delicious" foods. 
Exposing restrained eaters to tempting and !forbidden" foods may make them 
more conscious about their weight and eating behavior when planning future 
food consumption (23). 
From the above described research it appears that in the hungry state appetite, 
i.e. hunger and satiety, as well as food reward, i.e. !liking" and !wanting", 
dominate the control of feeding to maintain energy and reward homeostasis. In 
the satiated state, compared with the hungry state, hunger and food !wanting" 
are reduced, and food !liking" changes, depending on the type of food that has 
been consumed. Food !wanting" in the absence of hunger, thus !wanting" beyond 
energy homeostasis, may be a way to compensate for a possible reward 
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deficiency and may be a way to reach the target reward homeostasis. Eating a 
highly rewarding food, compared with a less rewarding food, may prevent con-
sumption beyond energy homeostasis, as the target reward homeostasis has 
already been reached.  
 
Role of meal pattern in relation to hormone and appetite dynamics, and 
reward  
Eating out has become an important aspect in the development of obesity, and 
often involves a different meal pattern (24). The stimulated food intake through 
the social context of eating out may be facilitated by a slower appearance of 
satiation signals, or it may take place despite greater appetite control by possibly 
more sustained satiety signals. In a laboratory setting, thus excluding the envi-
ronmental factors of eating out, we investigated the effect of two different meal 
patterns, i.e. staggered vs. non-staggered meal consumption, on hormone and 
appetite dynamics, as well as on the concept of reward and subsequent ad 
libitum energy intake. Results showed that staggered vs. non-staggered meal 
consumption induced a less pronounced and steadier hormonal and appetite 
response. Moreover, staggered meal consumption resulted in higher final GLP-1 
concentrations and satiety ratings and lower ghrelin concentrations and hunger 
ratings. These results are in accordance with findings of previous studies (16, 
25-27).  
To our knowledge no previous study has shown the effect of meal duration on 
food reward, i.e. !liking" and !wanting". While !liking" was not affected by the 
different meal patterns, for !wanting" we did detect differences between the two 
conditions. Staggered vs. non-staggered meal consumption resulted in a lower 
food !wanting" prior to and following ad libitum food intake. Although not signifi-
cant, ad libitum energy intake was 10 % lower in the staggered vs. non-
staggered meal condition.  
Overall the results imply that in a laboratory setting staggered meal consumption 
facilitates greater appetite control. The stimulated food intake in a restaurant 
setting with staggered meal consumption may take place despite greater 
appetite control. 
 
Role of hypothalamus pituitary adrenal (HPA) axis activity in relation to 
reward 
The homeostasis of reward may appear more clearly in certain subject groups, 
such as the visceral obese, or under certain circumstances, such as stress, 
involving the activity of the HPA axis (28-34). Therefore we assessed in visceral 
overweight vs. normal weight subjects the effects of acute psychological stress 
on the rewarding value of food, in terms of !liking" and !wanting", and on food 
intake in a fasted as well as satiated state. Our research indicated that visceral 
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overweight subjects, in contrast to normal weight subjects, showed stress-
induced food intake in the absence of hunger, resulting in an increased energy 
intake. In those visceral overweight subjects, !wanting" for dessert and snacks, 
and carbohydrate and fat intake, was higher in the absence of hunger in the 
stress vs. rest condition. Moreover, under stress visceral overweight subjects 
showed an increase in percentage of daily energy requirements consumed over 
two meals by 6±2 %. 
Previous research has shown that in vulnerable subjects, such as individuals 
scoring high on dietary restraint or disinhibition, stress can induce an increased 
energy intake and change in food choice towards sweet and fat foods (35-38). It 
appears that psychosocial stress is associated with greater weight gain among 
subjects who are overweight or obese, but less among subjects who are normal 
weight or underweight (39, 40). The latter subjects normally are not interested 
anymore in eating while stressed, whereas the visceral overweight subjects 
seem to eat to suppress stress. However, the risk is that chronic stress com-
bined with a high-fat, high-carbohydrate diet may lead to abdominal obesity (41). 
From our research it appears that in a stressful situation the food reward system 
may overrule and promote excessive food intake in visceral overweight subjects 
(28, 42). Based on the study by Born et al. (30), showing that stress decreased 
reward related brain activity and increased energy intake postprandially, we 
hypothesized that stress may diminish the sensitivity of the reward system to 
food cues, leading to an increased energy intake to compensate for the reward 
deficiency. 
Furthermore, our research showed that food !liking" was relatively uninfluenced 
by stress or increasing weight status. !Wanting" on the other hand was 
influenced by stress and weight status, as visceral overweight subjects in stress 
and in the absence of hunger want and consume foods that are high in fat and 
carbohydrate, in contrast to normal weight subjects. Previous research has 
shown that food !liking" and !wanting" are independent processes regulated by 
different neurobiological systems (35-37). Food !wanting" may be a stronger 
determinant of energy intake than is food !liking" or food hedonics (43-45). Our 
study suggests that during stress !wanting" in the absence of hunger might be an 
important process in developing an obese state. 
 
The food choice in stress is often shifted towards sweet and fat foods, possibly 
because they are perceived as highly rewarding (35-37, 46). However, several 
endocrinological human and rodent studies showed that some of these preferred 
or highly rewarding foods, namely carbohydrates, may not reduce but even 
increase HPA axis activity, i.e. cortisol concentrations (47-49). In our everyday 
life where stress is a pervasive factor, the development of functional foods, able 
to regulate the physiological and psychological stress response and conse-
quently preventing stress-induced eating beyond energy homeostasis, would be 
helpful to improve or maintain quality of life (50). Regarding the possible effects 
of macronutrients on HPA axis activity and on the stress-induced mood response 
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there are still inconsistencies in literature (47-49, 51-57). Our research revealed 
that consumption of isocaloric meals with different macronutrient contents, i.e. 
high-protein vs. high-carbohydrate, did not influence the physiological cortisol 
response and psychological mood response differentially. It is not clear yet 
whether the macronutrient composition of a meal can indeed influence cortisol 
levels. The use of mixed meals instead of single macronutrients (48), might limit 
the detection of possible effects of macronutrients on cortisol levels.  
Furthermore we observed that men showed a higher meal-induced salivary 
cortisol response compared with women. Literature on gender differences con-
cerning meal-induced cortisol increases is scarce. The lower salivary cortisol 
levels in women compared with men might be explained by the fact that women 
in our study participated during the follicular phase (58). 
In addition, to our knowledge we were the first to investigate how consumption of 
high-protein vs. high-carbohydrate foods influences the rewarding value of food, 
i.e. !liking" and !wanting", and subsequent food choice and food intake, in an 
acute stressful situation. Consumption of a high-protein meal, compared with a 
high-carbohydrate meal, appeared to have limited impact on stress-related 
eating behavior. Only subjects characterized by disinhibited eating behavior 
showed decreased subsequent !wanting" and energy intake during rest; this 
effect disappeared under stress. Acute stress overruled the effects of consump-
tion of high-protein foods. Previous research has shown that subjects with high 
disinhibition may be vulnerable to ego threatening stress, leading to an in-
creased energy intake (37, 59). Disinhibited eating behavior can be a possible 
risk factor for overweight and obesity (60). Results of our study show a higher 
energy intake in subjects with high disinhibition in the stress vs. rest condition 
following the high-protein meal. 
All in all, from our research it appears that intake of isocaloric meals with 
different macronutrient contents does not affect stress-related eating behavior to 
a great extent, neither exaggerating nor diminishing food intake beyond energy 
homeostasis.  
 
Conclusions 
Regarding physiological biomarkers of appetite, our research shows that the 
mean explained variation of the development of hunger and fullness scores over 
time by the development of GLP-1, PYY, ghrelin, glucose, and insulin concentra-
tions over time is 30-70 %. This figure may be too small to use the changes in 
gut hormone and glucose concentrations as biomarkers for feelings of appetite, 
at the individual level as well as at group level. Furthermore, ghrelin concentra-
tions lag behind VAS hunger scores and insulin concentrations, suggesting a 
role for insulin as a negative regulator of ghrelin. Physiological !biomarkers", such 
as GLP-1, PYY, ghrelin, glucose, and insulin, cannot replace feelings of appetite. 
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With regard to the concept of reward, i.e. !liking" and !wanting", the computer test 
developed for measurement of !liking" and !wanting" proves to be sufficiently 
valid. Application of the computer test in the assessment of how the rewarding 
value of a consumed food item possibly affects the rewarding value of any other 
food item in general, shows that eating a highly liked food item induces a more 
distinct decrease in !wanting" for food items in general and category-specific 
!liking", than eating a sufficiently liked !neutral" food item. In addition, successfully 
restrained eaters decrease !wanting" specifically for a non-healthy perceived, 
!delicious" food vs. a nutritional identical, yet healthy perceived, slightly less 
!delicious" food. A healthy perceived food may thus impose greater risk for 
control of energy intake in successfully restrained eaters. Thus, eating what you 
like contributes to less wanting of more food.  
Concerning the role of meal pattern manipulation (staggered vs. non-staggered 
meal consumption) in relation to hormone and appetite dynamics, reward and 
energy intake, our research shows that staggered vs. non-staggered meal con-
sumption induces greater appetite control, indicated by less pronounced 
hormone and appetite dynamics and more control over subsequent food 
!wanting". Moreover, it results in higher final GLP-1 concentrations and satiety 
ratings, lower ghrelin concentrations and hunger ratings, and lower subsequent 
food !wanting". However, this may not be translated into a lower energy intake. 
Staggered meal consumption induces a sustained hormonal and appetite 
response and decreases wanting to eat more.  
Research on the role of the HPA axis activity in relation to the concept of reward 
reveals that acute stress augments food !wanting" and energy intake in visceral 
overweight subjects in the absence of hunger. Furthermore, consumption of 
meals with different macronutrient contents, i.e. high-protein vs. high-
carbohydrate, does not influence the physiological cortisol and psychological 
mood response differentially. Men show a higher meal-induced salivary cortisol 
response compared with women. A high-protein vs. high-carbohydrate meal 
induces lower subsequent !wanting" and energy intake in subjects with high 
disinhibition during rest; this difference disappears under stress. Acute stress 
overrules the effects of consumption of high-protein foods. A high-protein meal is 
ineffective in regulating the physiological and psychological stress response, and 
has limited impact on stress-related eating behavior. 
 
Future Research 
In the light of the current obesity epidemic further understanding of the role of 
energy and reward homeostasis is fundamental. The regulation of appetite and 
energy intake is a complex process involving, besides physiological factors such 
as the dynamics of gastrointestinal hormones and the possibly related feelings of 
appetite, factors such as food reward, environmental cues, and cognitive factors 
(1, 2).  
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Brain pathways involved in energy and reward homeostasis, i.e. hypothalamic 
and cortico-limbic brain areas respectively, interact in the neuro-regulatory 
control of feeding (18, 61, 62). It would be highly relevant to investigate the rela-
tionship between gut hormones and the brain areas controlling appetite, 
ingestion, food reward and body weight (63), as gut hormones may modulate 
perceived food reward (64, 65).  
Regarding meal pattern manipulation in relation to hormone and appetite 
dynamics and reward, we showed that, at least in a laboratory setting, increasing 
meal duration can exert greater appetite control. However, increased meal 
duration in a restaurant setting often results in a larger food intake, which may be 
due to external factors such as the atmosphere, the presence of other people, or 
distraction, which lowers the possibility of estimating the energy density of the 
foods resulting in less well adaptation of portion sizes (66-69). It would be of 
interest to repeat the study in a restaurant setting, where besides timing also the 
factor of social setting and distraction can influence food reward and energy 
intake in the absence of hunger. 
Throughout the whole of this thesis it appeared that energy and reward 
homeostasis both play a role in food intake behavior in the hungry state. 
However, in the satiated state, i.e. in the absence of hunger, it is mainly reward 
homeostasis that plays a role in food intake behavior, and this role becomes 
even more of importance in conditions of acute stress. Chronically eating in the 
absence of hunger, i.e. eating beyond energy homeostasis, may lead to the 
development of overweight and obesity. Thus, future studies should pay 
attention to the fundamental role of reward homeostasis in eating in the absence 
of hunger.  
In our everyday life where stress is a pervasive factor, it would be helpful to 
develop highly rewarding healthy foods, able to regulate the physiological and 
psychological stress response and consequently preventing stress-induced 
eating beyond energy homeostasis, i.e. eating for reward homeostasis (50). We 
showed that a high-protein meal is ineffective in regulating the physiological and 
psychological stress response, and has limited impact on stress-related eating 
behavior. However, it would be of interest to further elucidate the effect of 
different nutrients, e.g. tryptophan-rich hydrolyzed protein (57), on stress-
induced eating behavior. In addition, we revealed that the meal-induced salivary 
cortisol response is higher in men compared with women. Literature on gender 
differences concerning meal-induced cortisol increases is scarce, and more 
research is needed to explain this gender difference. It can be hypothesized that 
the greater cortisol response observed in men may be associated with visceral 
fat accumulation and an elevated risk for cardiovascular diseases and diabetes 
and may help explain the higher prevalence for these diseases in males (29, 70-
72). 
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The regulation of energy intake is a complex process involving numerous factors 
such as genetic, physiological, environmental, and cognitive factors. This thesis, 
entitled !Food intake meeting energy and reward homeostasis", encompasses 
the role of hormone and appetite dynamics, in relation to meal pattern, as well as 
the concept of reward, and hypothalamus pituitary adrenal (HPA) axis activity, in 
food intake behavior. The research is executed against the background of the 
current epidemic of overweight and obesity. 
The search for physiological biomarkers of appetite is currently very active. 
Previous studies that based their correlation analyses of visual analogue scale 
(VAS) ratings for appetite with gut hormone and glucose concentrations, and 
energy intake, upon the calculated area under the curve or on the measured 
values per time point, showed a very low explained variation or no correlation at 
all. For validation of VAS ratings with gut hormone and glucose concentrations 
and energy intake the factor time needs to be taken into account. Thus, it was 
investigated whether changes in VAS appetite scores are synchronized with, or 
lag behind or in front of changes in gut hormone and glucose concentrations 
(Chapter 2). Results indicate that the mean explained variation of the 
development of hunger and fullness scores over time by the development of 
glucagon-like peptide (GLP)-1, peptide tyrosine-tyrosine (PYY), ghrelin, glucose, 
and insulin concentrations over time is 30-70 %. This figure is too small to use 
the changes in gut hormone and glucose concentrations as biomarkers for 
feelings of appetite, at least at the individual level and probably at group level 
depending on the aim of the study. Furthermore, ghrelin concentrations lag 
behind VAS hunger scores and insulin concentrations, suggesting a role for 
insulin as a negative regulator of ghrelin.  
Regarding the concept of reward, a computer test was developed and validated 
that measures the rewarding value of food, i.e. !liking" and !wanting", in a Dutch 
study population and applicable in different study designs. In addition, we 
assessed how the rewarding value of a consumed food item possibly affects the 
rewarding value of any other food item in general (Chapter 3). Subsequently, the 
computer test was applied in the assessment of the role of dietary restraint in 
control over !wanting" following consumption of !forbidden" food (Chapter 4). The 
computer test for measurement of !liking" and !wanting" proved to be sufficiently 
valid. Application of the computer test shows that eating a highly liked food item 
induces a more distinct decrease in !wanting" for food items in general and 
category-specific !liking", than eating a sufficiently liked !neutral" food item. In 
addition, successfully restrained eaters decrease food !wanting" specifically after 
consumption of a non-healthy perceived, !delicious" food vs. a nutritional 
identical, yet healthy perceived, slightly less !delicious" food. A healthy perceived 
food may thus impose greater risk for control of energy intake in successfully 
restrained eaters. Thus, eating what you like contributes to less wanting of more 
food.  
Eating out has become an important aspect in the development of obesity, and 
often involves a different meal pattern. The stimulated food intake through the 
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social context of eating out may be facilitated by a slower appearance of 
satiation signals, or it may take place despite greater appetite control by possibly 
more sustained satiety signals. The effects of two different meal patterns, i.e. 
staggered vs. non-staggered meal consumption, on hormone (GLP-1, PYY, and 
ghrelin) and appetite dynamics, on the concept of reward, and on subsequent ad 
libitum energy intake, was investigated in a laboratory setting, thus excluding the 
environmental factors of eating out (Chapter 5). It was shown that staggered vs. 
non-staggered meal consumption induces greater appetite control, indicated by 
higher final GLP-1 concentrations and satiety ratings, lower ghrelin 
concentrations and hunger ratings, and lower subsequent food !wanting". 
However, this was not translated into a lower energy intake.  
In addition to meal pattern manipulation, the activity of the HPA axis (!stress") 
may play a role in excessive energy intake, in relation to the food reward system. 
It appears that psychosocial stress is associated with greater weight gain among 
subjects who are overweight or obese, but less among subjects who are normal 
weight or underweight. In visceral overweight vs. normal weight subjects the 
effects of acute psychological stress on the rewarding value of food, in terms of 
!liking" and !wanting", and on food intake in a fasted as well as satiated state 
were assessed (Chapter 6). Acute stress augments food !wanting" and energy 
intake in visceral overweight subjects in the absence of hunger. In a stressful 
situation the food reward system overrules and promotes excessive food intake 
in visceral overweight subjects. 
In everyday life where stress is a pervasive factor, the development of functional 
foods, able to regulate the physiological and psychological stress response, 
would be helpful to improve or maintain quality of life. Inconsistencies regarding 
the possible effects of macronutrients on HPA axis activity and on the stress-
induced mood response exist in the literature. Therefore it was investigated 
whether consumption of comparable meals with different macronutrient contents, 
i.e. high-protein vs. high-carbohydrate, affect the physiological cortisol and psy-
chological mood response (Chapter 7). Moreover it was investigated how con-
sumption of high-protein vs. high-carbohydrate foods influences the rewarding 
value of food, i.e. !liking" and !wanting", and food choice and food intake, in an 
acute stressful situation (Chapter 8). Consumption of meals with different 
macronutrient contents, i.e. high-protein vs. high-carbohydrate, does not 
influence the physiological cortisol and psychological mood response differen-
tially. A high-protein vs. high-carbohydrate meal induces lower subsequent 
!wanting" and energy intake in subjects with high disinhibition during rest; this 
difference disappears under stress. Acute stress overrules the effects of con-
sumption of high-protein foods.  
 
In conclusion, from the studies described in this thesis it appears that physiologi-
cal !biomarkers", such as GLP-1, PYY, ghrelin, glucose, and insulin, cannot 
replace feelings of appetite, at least at the individual level and probably at group 
level depending on the aim of the study. Furthermore, increased meal duration 
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by staggered meal consumption can exert greater appetite control. The stimu-
lated food intake in a restaurant setting with staggered meal consumption 
therefore takes place despite greater appetite control.  
Energy and reward homeostasis both play a role in food intake behavior in the 
hungry state. However, in the satiated state it is mainly reward homeostasis that 
plays a role in food intake behavior, and this role becomes even more important 
in conditions of acute stress. Chronically eating in the absence of hunger, i.e. 
eating beyond energy homeostasis, may lead to the development of overweight 
and obesity. With regard to functional foods able to regulate the stress response, 
high-protein foods are ineffective in regulating the physiological and psychologi-
cal stress response, and have limited impact on stress-related eating behavior. 
Stress dominates the satiating effect of protein. 
Energy and reward homeostasis act together in the hungry state, while reward 
homeostasis overrules in the satiated state.  
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De regulatie van de voedselinname is een complex proces dat talrijke factoren 
omvat zoals genetische, fysiologische, cognitieve, en omgevingsfactoren. Dit 
proefschrift, getiteld !Voedselinname in relatie tot energie homeostase en belo-
ning", behandelt de rol van eetlust en relevante hormonen, in relatie tot maaltijd-
patroon, evenals het concept van !belonende waarde" van voeding. Daarnaast 
wordt de samenhang tussen voedselinname en de activiteit van de 
hypothalamus-hypofyse-bijnier as (HPA-as) belicht. Het onderzoek is verricht in 
het kader van de huidige obesitas epidemie. 
Wat betreft de energie-homeostatische voedselinname, is onderzoek naar mo-
gelijke fysiologische biomarkers voor honger, verzadiging, en energie-inname 
zeer actueel. Correlatie analyses tussen de scores voor eetlust, gemeten m.b.v. 
van visueel analoge schalen (VAS), de concentraties van gastro-intestinale (GI) 
hormonen, glucose, en de energie-inname zijn gebaseerd op de oppervlakte 
onder de curve of op de gemeten waarden per tijdstip, en hebben tot nu toe 
weinig opgeleverd. Cruciaal is dat de factor tijd hierin wordt meegenomen. Als 
zodanig werd onderzocht hoe de veranderingen in de tijd van de VAS scores 
voor eetlust en van de concentraties van GI hormonen en glucose synchronise-
ren (Hoofdstuk 2). De resultaten laten zien dat de verklaarde variantie van de 
veranderingen in de tijd van de eetlust scores met de veranderingen in de tijd 
van de concentraties van !glucagon-like peptide" (GLP)-1, peptide tyrosine-
tyrosine (PYY), ghreline, glucose, en insuline 30-70 % bedraagt. Naar onze 
mening is deze verklaarde variantie te laag voor gebruik van GI hormonen en 
glucose als biomarkers voor eetlust op individueel niveau. In hoeverre dat 
groepsniveau kan worden gehanteerd, hangt af van het doel van het onderzoek. 
Voorts werd aangetoond dat de veranderingen in ghreline concentraties niet 
synchroon verlopen met, maar volgen op de veranderingen in honger scores en 
insuline concentraties. Dit suggereert een mogelijke rol van insuline als nega-
tieve regulator van ghreline.  
Betreffende het concept van !belonende waarde" van voeding werd een compu-
tertest ontwikkeld om de twee componenten van belonende waarde, d.i. !liking" 
(hedonische waarde) en !wanting" (de motivatie om iets te willen hebben), te 
kunnen meten. De computertest werd gevalideerd en daarnaast gebruikt om na 
te gaan hoe de belonende waarde verschuift na het eten van bepaalde 
voedingsitems (Hoofdstuk 3). Vervolgens werd de computertest gebruikt om het 
effect van geremd eetgedrag op !wanting" na consumptie van een !verboden" 
voedingsitem te onderzoeken (Hoofdstuk 4). De resultaten laten zien dat con-
sumptie van een voedingsitem met een hoge belonende waarde grotere reductie 
van !wanting" impliceert dan consumptie van een !neutraal", maar als !gezond" 
gepercipieerd voedingsitem. Met name bij proefpersonen met geremd eetgedrag 
induceert de consumptie van een belonend voedingsitem, dat als ongezond en 
!verboden" ervaren wordt, een grotere afname in !wanting" van andere 
voedingsitems dan consumptie van een minder lekker doch nutritioneel identiek 
voedingsitem, dat als gezond ervaren wordt. Consumptie van !gezonde" voe-
dingsitems vormt dus een verhoogd risico voor personen met geremd eetgedrag 
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bij de beheersing van hun voedselinname. Uit dit onderzoek werd geconcludeerd 
dat als men de voedselkeuze laat bepalen door wat men wil, voorkomen wordt 
dat men na de keuze voor het alternatief alsnog het gewenste consumeert.   
Uit eten gaan, waarbij vaak een gewijzigd maaltijdpatroon van toepassing is, is 
een belangrijk hedendaags aspect dat bijdraagt aan de ontwikkeling van obesi-
tas. De verhoogde voedselinname door de sociale context van uit eten gaan, 
kan gestimuleerd worden door het vertraagd ontstaan van verzadigingssignalen, 
of wordt gestimuleerd ondanks de grotere beheersing van de eetlust door een 
meer graduele stijging van verzadigingssignalen. In het laboratorium, waarbij de 
omgevingsfactoren zijn uitgesloten, werd het effect van twee verschillende maal-
tijdpatronen onderzocht (consumptie van een viergangen maaltijd verspreid over 
twee uur vs. consumptie van dezelfde viergangen maaltijd in een half uur), op de 
verandering van hormoonconcentraties (GLP-1, PYY, en ghreline), eetlust, en 
belonende waarde van voeding, en op de ad libitum voedselinname erna 
(Hoofdstuk 5). De resultaten tonen aan dat consumptie van een maaltijd ge-
spreid in de tijd tot een verhoogde beheersing van de eetlust leidt. Dit werd aan-
getoond door verhoogde GLP-1 concentraties en gevoelens van verzadiging, 
verlaagde ghreline concentraties en gevoelens van honger, en verlaagde 
!wanting" van andere voedingsitems erna. Desondanks vertaalde dit zich niet in 
een significante reductie in voedselinname na de viergangen maaltijd. 
Naast de rol van maaltijdpatroon bij overmatige voedselinname, speelt de acti-
viteit van de HPA-as (!stress") in relatie tot het concept van !belonende waarde" 
een belangrijke rol. Uit studies blijkt dat psychosociale stress geassocieerd 
wordt met een grotere gewichtstoename bij personen met overgewicht of 
obesitas, in vergelijking met personen met een normaal gewicht of ondergewicht. 
Bij personen met visceraal overgewicht vs. normaal gewicht werd het effect 
onderzocht van acuut psychologische stress op de belonende waarde van voe-
ding en op voedselinname in een gevaste en verzadigde toestand (Hoofdstuk 
6). Acute stress verhoogde de !wanting" van voedingsitems en de energie-
inname bij visceraal overgewichtigen in de verzadigde toestand. Hierbij blijkt dat 
in een stressvolle situatie het concept van !belonende waarde" de overhand 
neemt in visceraal overgewichtigen.  
In de huidige samenleving is stress alomtegenwoordig. Het ontwikkelen van 
functionele voeding die de fysiologische en psychologische stress respons kan 
reguleren, zou gunstig zijn om de levenskwaliteit te verbeteren. In de literatuur 
zijn er tegenstrijdigheden betreffende de mogelijke effecten van macronutriënten 
op de activiteit van de HPA-as en op de stress-geïnduceerde gemoedstoestand. 
In de volgende studie werd getest of vergelijkbare en iso-energetische maaltij-
den met een verschillende macronutriëntensamenstelling, d.i. hoog-eiwit vs. 
hoog-koolhydraat, de fysiologische cortisol respons en de psychologische ge-
moedstoestand beïnvloeden (Hoofdstuk 7).  Daarnaast werd onderzocht of de 
consumptie van deze maaltijden in een stressvolle situatie invloed heeft op de 
belonende waarde van voeding, en op de voedselkeuze en –inname erna 
(Hoofdstuk 8). Consumptie van maaltijden met een verschillende macronutriën-
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tensamenstelling, d.i. hoog-eiwit vs. hoog-koolhydraat, bleek geen invloed te 
hebben op de fysiologische cortisol respons en psychologische 
gemoedstoestand. Consumptie van een maaltijd hoog in eiwit induceert een 
verlaagde !wanting" van andere voedingsitems en een verlaagde energie-inname 
erna, enkel in proefpersonen met ontremd eetgedrag en in een niet-stressvolle 
situatie. Dit effect verdwijnt in een stressvolle situatie. Stress blijkt het verzadi-
gende effect van eiwit te domineren.  
 
Uit de resultaten van de studies beschreven in dit proefschrift werd geconclu-
deerd dat fysiologische !biomarkers" zoals GLP-1, PYY, ghreline, glucose, en 
insuline de gevoelens van eetlust niet geheel kunnen vervangen op individueel 
niveau, en in zeer beperkte mate op groepsniveau. Verder blijkt dat een ver-
hoogde maaltijdduur, door het verspreiden van consumptie van een maaltijd in 
de tijd, een sterkere beheersing van de eetlust faciliteert. De gestimuleerde 
voedselinname bij het uit eten gaan, vindt kennelijk plaats ondanks de grotere 
beheersing van de eetlust.  
In de gevaste toestand spelen zowel het bereiken van energiebalans als de 
belonende waarde van voeding een rol in voedselinname. In de verzadigde 
toestand daarentegen is het voornamelijk de belonende waarde die een rol 
speelt in voedselinname. Deze rol wordt versterkt in condities van acute stress. 
Omtrent functionele voeding die de stress respons zou kunnen beïnvloeden, 
blijkt dat voeding hoog in eiwit ineffectief is in het reguleren van de fysiologische 
en psychologische stress respons, en weinig impact heeft op stress-
gerelateerde voedselinname. Integendeel, stress blijkt het verzadigende effect 
van eiwit te domineren.  
Homeostase van energie en beloning vallen samen in de gevaste toestand, 
terwijl homeostase van beloning de overhand neemt in de verzadigde toestand.  
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